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PEEFATORY  NOTE 

This  volume  is  the  seventh  of  a  series  of  Technical  Reports  issued 
in  connection  with  the  planning  and  execution  of  the  notable  system 
of  flood  protection  works  now  being  built  by  the  Miami  Conservancy 
District. 

The  Miami  Valley,  which  forms  a  part  of  the  large  interior  plain 
qj  of  the  central  United  States  and  comprises  about  4000  square  miles 
^  ^  of  gently  rolling  topography  in  southwestern  Ohio,  is  one  of  the  lead- 
o>  ing  industrial  centers  of  the  country.  Out  of  the  great  flood  of  March 
„  1913,  which  destroyed  in  this  valley  alone  over  360  lives  and  prob- 
Z^  ably  more  than  $100,000,000  worth  of  property,  there  resulted  an 
A  energetic  movement  to  prevent  a  recurrence  of  such  a  disaster,  by 
^  protecting  the  entire  valley  by  one  comprehensive  project.  The 
Miami  Conservancy  District,  established  in  June  1915,  under  the 
newly  enacted  Conservancy  Act  of  Ohio,  became  the  agency  for  secur- 
ing this  protection.  On  account  of  the  size  and  character  of  the  un- 
dertaking, the  plans  of  the  District  have  been  developed  with  more 
than  usual  care. 

A  Report  of  the  Chief  Engineer,  submitting  a  plan  for  the  protec- 
tion of  the  District  from  flood  damage,  was  printed  March  1916  in 
three  volumes  of  about  200  pages  each.  After  various  slight  modi- 
fications, this  Report  was  adopted  by  the  board  of  directors  as  the 
Official  Plan  of  the  District,  and  was  republished  in  May  1916  under 
the  latter  title.  This  plan  for  flood  protection  contemplates  the  build- 
ing of  five  earth  dams  across  the  valleys  of  the  Miami  River  and  its 
tributaries  to  form  retarding  basins,  and  the  improvement  of  several 
miles  of  river  channel  within  the  towns  and  cities  of  the  valley.  It  is 
estimated  that  the  dams  will  contain  nearly  8,500,000  cubic  yards  of 
earth;  that  their  outlet  structures  will  contain  nearly  200,000  cubic 
yards  of  concrete;  that  the  river  channel  improvements  will  involve 
the  excavation  of  nearly  5,000,000  cubic  yards;  and  that  the  whole 
project  will  cost  about  $35,000,000. 

At  the  time  of  publication  of  this  report  the  flood  control  works 
are  about  two-thirds  completed. 

In  order  to  plan  the  project  intelligently,  many  thorough  investi- 
gations and  researches  had  to  be  carried  out,  the  results  of  which  have 
proved  of  great  value  to  the  District  and  will  also,  it  is  believed,  be  of 
widespread  use  to  the  whole  engineering  profession.     To  make  the 
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results  of  these  studies  available  to  the  residents  of  the  State  and  to 
the  technical  world  at  large,  the  District  is  publishing  a  series  of  Tech- 
nical Reports  containing  all  data  of  permanent  value  relating  to  the 
history,  investigations,  design,  and  construction  of  the  flood  preven- 
tion works. 

The  following  list  shows  the  titles  of  the  reports  published  to  date 
and  the  prices  at  which  they  may  be  purchased. 

Part  I. — The  Miami  Valley  and  the  1913  flood,  by  A.  E.  Morgan, 
1917;  125  pages,  44  illustrations;  50  cents. 

Part  II. — History  of  the  Miami  flood  control  project,  by  C.  A. 
Bock,  1918 ;  196  pages,  41  illustrations ;  50  cents. 

Part  III. — Theory  of  the  hydraulic  jump  and  backwater  curves, 
by  S.  M.  Woodward.  Experimental  investigation  of  the  hydraulic 
jump  as  a  means  of  dissipating  energy,  by  R.  M.  Riegel  and  J.  C. 
Beebe,  1917;  111  pages,  88  illustrations;  50  cents. 

Part  IV. — Calculation  of  flow  in  open  channels,  l>y  I.  E.  Houk, 
1918 ;  283  pages,  79  illustrations ;  75  cents. 

Part  V. — Storm  rainfall  of  eastern  United  States,  by  the  engineer- 
ing staff  of  the  District,  1917 ;  310  pages,  114  illustrations ;  75  cents. 

Part  VI. — Contract  forms  and  specifications,  by  the  engineering 
staflE  of  the  District,  1918;  192  pages,  3  folding  plates,  and  index; 
50  cents. 

Atlas  of  selected  contract  and  information  drawings  to  accompany 
Part  VI ;  139  plates,  11  by  15  inches ;  $1.50. 

Part  VII. — ^Hydraulics  of  the  Miami  flood  control  project,  by  S. 
M.  Woodward,  1920;  338  pages,  126  illustrations;  $1.00. 

The  following  parts  of  the  Technical  Reports  are  in  the  course  of 
preparation : 

Rainfall  and  runoff  in  the  Miami  Valley. 

Laws  relating  to  flood  control. 

Structural  design,  construction  plant  and  methods. 

Methods  of  appraising  benefits  to  property. 

Orders  for  Technical  Reports  should  be  sent  to:  The  Miami  Con- 
servancy District,  Dayton,  Ohio. 

ARTHUR  E.  MORGAN, 

Chief  Engineer. 

Dayton,  Ohio, 
July  3,  1920. 
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CHAPTER  I.— INTRODUCTION 

GENERAL 

As  a  result  of  rainfall  almost  unprecedented  for  this  region  all 
portions  of  southern  Indiana  and  Ohio,  together  with  adjacent  areas 
in  surrounding  states,  suffered  from  phenomenal  floods  on  March  25, 
1913.  In  the  Miami  Valley  this  flood  submerged  much  of  the  resi- 
dence portion  and  the  greater  part  of  the  business  and  manufacturing 
area  of  the  cities  of  Piqua,  Troy,  Dayton,  Franklin,  Miamisburg,  and 
Hamilton.  The  considerable  loss  of  life  and  the  immense  damage  to 
property  immediately  raised  the  question  whether  it  would  be  feasible 
to  take  steps  to  prevent  any  possible' recurrence  of  such  a  disaster,  and 
the  different  interested  communities  gradually  drew  together  to  seek 
relief. 

The  Miami  is  a  river  of  steep  slope,  averaging  3  feet  to  the  mile, 
draining  an  area  of  4000  square  miles  of  rolling  country,  having  a 
natural  channel  with  an  average  capacity  of  about  10,000  second  feet  » 
just  above  Dayton  and  in  its  lower  portion  a  capacity  of  not  over  [ 
50,000  second  feet.  Being  situated  in  a  region  of  occasional  heavy  i 
rainfalls,  the  river  flow  is  subject  to  moderate  annual  floods  and  to 
rare  extreme  floods.  The  greatest  of  these  during  the  125  years  since 
the  valley  has  been  settled  had  a  maximum  flood  flow  down  the  valley 
of  about  10  times  the  natural  capacity  of  the  channel.  The  flood 
plain  of  the  river  is  occupied  by  numerous  vigorous  growing,  indus- 
trial and  commercial  cities,  and  several  railroads  lie  in  the  valley 
flood  plain.  With  these  conditions,  the  engineering  problem  pre- 
sented was  to  devise  a  practicable  method  of  protection  which  should 
not  hamper  the  activities  and  growth  of  the  communities  being  pro- 
tected, and  which  should  not  put  an  undue  flnancial  burden  upon  the 
valley. 

MAGNITUDE  OF  PROBLEM 

As  the  result  of  some  three  years  intensive  study  of  this  problem 
by  a  large  engineering  staff,  the  plan  for  flood  protection  explained 
in  this  volume  was  gradually  evolved.  Protection  against  floods  has 
been  practiced  for  centuries  in  various  countries  of  the  old  world,  and 
during  recent  years  in  America ;  but  it  is  probable  that  nowhere  before 
has  there  ever  been  initiated  on  as  large  a  scale  so  complete,  elaborate, 
^fe.  and  intensive  a  system  of  flood  protection;  though  with  a  few 
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exceptions,  every  particular  element  of  the  sjrstem  has  been  used  for 
a  long  time  in  some  other  place.  The  distinguishing  features  of  this 
problem  were  its  unusual  magnitude,  the  difficulties  due  to  the  pres- 
ence of  numerous  cities  and  railroads  in  the  flooded  area,  the  great 
value  of  the  property  affected,  and  the  small  capacity  of  the  natural 
stream  channels  as  compared  with  the  maximum  flood  runoff  to  be 
provided  for. 

From  the  flrst  it  was  recognized  that  the  importance  of  the  prob- 
lem justified  the  utmost  care  and  effort  in  its  solution.  The  novelty 
of  the  situation  and  the  magnitude  of  the  project,  emphasized  the  lack 
of  precedents,  so  it  be^^ame  necessary  to  undertake  many  investiga- 
tions of  a  somewhat  pioneering  type.  The  plan  as  finally  perfected 
was  a  gradual  evolution.  Time  and  again  details  of  the  protective 
system  as  at  first  projected  were  changed  as  additional  information 
pointed  the  way  to  desirable  modifications.  Hence  many  studies  and 
tentative  plans  had  to  be  given  consideration  before  the  best  form  for 
various  features  could  be  determined. 

In  the  light  of  the  experience  gained  it  is  perfectly  obvious  now 
that  much  time  and  labor  could  have  been  saved  in  preparing  llie 
plans,  if  the  best  methods  of  procedure  had  been  known  from  the 
beginning.  In  many  cases  methods  had  to  be  built  up  starting  from 
elementary  principles.  Methods  that  ought  to  be  followed  often  could 
not  be  foreseen  until  much  study  had  been  given  to  a  problem,  and 
sometimes  many  attempts  were  made  before  the  best  solution  was 
reached.  This  led,  of  course,  to  much  loss  of  time.  Such  loss  cannot 
be  called  waste,  because  no  precedent  existed  as  a  guide  by  which  the 
loss  could  have  been  avoided.  The  magnitude  of  the  work  and  the 
issue  of  public  security  involved  justified  the  large  amount  of  time 
and  engineering  effort  given  to  working  out  orderly  methods  of  ap- 
proaching and  handling  the  problem.  Fortunately,  no  delay  ever  re- 
sulted in  the  progress  of  the  project  on  account  of  the  time  consumed 
in  the  engineering  studies.  The  plans  were  always  ready  for  each  step 
in  the  procedure  as  soon  as  the  legal  and  legislative  obstacles  had 
been  overcome. 

Commonly,  in  engineering  projects  involving  novel  features,  a 
large  part  of  the  engineers'  problem  consists  in  analyzing  and  deter- 
mining the  economic  or  financial  aspects  of  the  project,  in  order  to 
show  whether  or  not  the  proposed  expenditure  is  justifiable.  For  the 
Miami  Valley  this  part  of  the  problem  was  unusually  simple.  A  care- 
ful canvass  of  the  situation  by  obtaining  the  opinions  of  many  of  the 
men  most  competent  to  judge  showed  conclusively  that  the  deprecia- 
tion in  real  estate  values  in  the  larger  cities  of  the  valley  on  account 
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of  the  1913  flood  amounted  to  at  least  $70,000,000,  which  amottnt 
would  be  recoverable  if  flood  protection  conld  be  secured.  The  x>eople 
were  determined  to  have  protection  if  possible,  so  it  remained  for  the 
engineers  only  to  filid  the  best  plan  and  to  show  that  it  could  be  exee 
cuted  at  a  practicable  expenditure. 

SCOPE  OF  THIS  REPORT 

This  volume  includes  only  a  small  part  of  the  total  work  done  in 
the  preparation  of  the  flood  protection  plans.  The  treatment  here 
given  is  intended  to  embrace :  flrst,  the  considerations  determining  the 
decision  as  to  the  type  of  protection  system  to  be  adopted ;  and  second, 
the  general  matters  of  a  hydraulic  nature  necessary  to  be  used  in  the 
design  of  structures.  But  no  matters  referring  solely  to  structural 
design  are  included. 

In  preparing  plans  the  engineers  of  the  Miami  Conservancy  Dis- 
trict sought  advice  and  information  from  very  many  sources,  includ- 
ing private  engineers  and  those  connected  with  public  and  private 
organizations.  But  for  the  information  received  from  these  many 
sources  the  preparation  of  the  plans  would  have  been  much  more  diffi- 
cult. In  view  of  these  contributions  from  the  engineering  profession 
the  District  is  but  meeting  its  moral  obligations  when  it  reciprocates 
by  making  public  any  additions  it  may  have  made  to  the  knowledge  of 
flood  prevention  methods,  so  that  in  the  solution  of  similar  problems 
the  pioneer  work  of  the  Conservancy  engineers  may  not  have  to  be 
repeated.  Moreover,  as  the  years  pass  and  the  engineers  who  pre- 
pared the  plans  are  no  longer  at  band  to  interpret  them,  it  will  be  im- 
portant that  a  x^ear,  orderly  statement  of  the  theory  on  which  the 
work  is  desiraed  shall  be  available  to  those  who  become  responsible  for 
the  maintg^cance  and  operation  of  the  system.  With  these  objects  in 
mind  the/material  has  been  arranged  in  what  seems  to  be  the  best 
order  for  clear  and  logical  presentation ;  the  order  has  no  reference  to 
the  actual  chronological  order  of  development  in  the  evolution  of  the 
Miami  Conservancy  District  plans,  and  in  many  cases  departs  entirely 
from  that  order. 

A  considerable  amount  of  the  general  theoretical  development  here 
given,  so  far  as  known,  has  never  before  been  worked  out  or  published. 
A  considerable  portion  has  been  presented  previously  in  more  or  less 
similar  form  in  scattered  and  fugitive  publications;  frequently,  these 
were  not  discovered  until  after  their  substance  had  been  derived  anew 
and  applied  on  this  project.  Other  parts  consist  of  matters  more  or 
less  generally  known,  and  included  here  so  as  to  make  this  a  complete 
and  comprehensive  manual  for  practicing  engineers,  in  an  effort  to 
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make  this  volume  of  the  utmost  value  to  engineers  engaged  upon  sim- 
ilar projects.  If  a  treatise  of  the  nature  of  this  and  the  companion 
volumes  had  been  available  at  the  beginning  of  the  project,  important 
portions  of  the  work  in  preparation  of  plans  could  probably  have  been 
done  with  one  quarter  the  labor  actually  expended,  and  with  an  ag- 
gregate saving  equal  at  least  to  the  lifetime's  work  of  a  thoroughly 
competent  engineer. 

The  order  of  presentation  is  arranged  with  the  idea  of  showing : 

First,  the  general  nature  of  the  problem  in  the  Miami  Valley. 
This  involves  discussion  of  the  physical  features  of  the  valley,  of  the 
extent  of  industrial  development,  and  of  the  magnitude  of  past  and 
probable  future  floods. 

Second,  a  general  comparison  of  the  various  flood  protection  plans 
considered,  and  the  reasons  for  the  adoption  of  the  plan  determined 
upon. 

Third,  a  more  detail^ed  description  of  the  adopted  plan,  the  way  it 
will  function  in  practice  when  completed,  and  its  eflPect  upon  the 
activities  of  the  valley. 

Fourth,  a  thorough,  detailed,  technical  discussion  of  the  principles, 
theories,  and  methods  of  making  the  voluminous  hydraulic  calcula- 
tions required  in  developing  the  details  of  the  plan.  These  embrace 
the  capacities  of  the  retarding  basins,  the  flow  through  outlet  conduits, 
the  methods  of  predicting  the  effect  of  the  retarding  basin  upon  defl- 
nite  floods,  the  determination  of  the  size  of  dams,  outlets,  and  spill- 
ways, the  principles  governing  the  design  of  channel  improvements, 
the  proper  coordination  of  the  different  retarding  basins  and  channel 
improvements,  and,  flnally,  the  more  pertinent  details  of  the  various 
plans  that  were  studied,  but  rejected,  in  favor  of  the  combined  retard- 
ing basin  and  channel  improvement  plan. 

This  volume  does  not  duplicate  any  other  Technical  Report  but 
contains  numerous  references  to  the  other  Reports  already  issued. 
Occasional  quotations  are  made  from  the  other  Reports  in  order  to 
render  this  one  by  itself  as  complete  and  useful  as  possible. 

Some  portions  of  this  volume  are  far  from  easy  reading,  and  per- 
haps no  one  will  care  to  read  it  entirely  through.  Parts  of  the  text 
will  be  useful  chiefly  as  reference  for  thorough  treatment  of  particular 
problems.  In  order  to  make  it  as  convenient  as  possible  for  such  use, 
the  whole  work  is  written  with  the  endeavor  to  have  each  portion  as 
complete  and  intelligible  by  itself  as  it  could  be  made.  To  facilitate 
reference  to  isolated  topics,  cross  references  are  freely  used  in  the 
text,  and  an  analytical  and  topical  index  is  supplied  at  the  end. 

The  material  in  this  volume  is  but  a  minute  fraction  of  the  data 


HYDBAULIC8  OF  MIAMI  FLOOD  CONTROL  PBOJBCT  21 

and  computations  accumulated  in  the  files  of  the  District  in  the  course 
of  the  preparation  of  the  flood  protection  plans.  In  preparing  the 
material  for  publication  considerable  effort  has  been  made  to  condense 
it  to  the  very  minimum  consistent  with  clearness,  and  to  exclude  every 
item  whose  inclusion  could  not  be  justified  by  the  necessity  of  logical 
completeness  of  explanation,  or  by  its  applicability  to  similar  situa- 
tions elsewhere.  In  this  process  some  details  of  method  have  been  hit 
upon  and  are  described  which  are  obviously  better  than  those  that 
were  actually  used  in  the  preparation  of  the  District's  plans.  This 
but  illustrates  the  fact  that  we  never  reach  perfection  in  the  develop- 
ment of  engineering  methods. 

ACElfOWLEDGMENTS 

Probably  fifty  or  more  members  of  the  engineering  staff  of  the 
District  have  worked  upon  the  material  drawn  upon  for  this  report. 
This  material  has  been  so  rearranged,  revised,  and  condensed,  that  it 
is  now  impossible  to  assign  with  any  approach  to  accuracy  the  rela- 
tive amounts  of  credit  that  ought  to  be  given  to  the  work  of  different 
engineers.  The  engineering  work  of  the  District  has  been  distin- 
guished, furthermore,  by  a  most  remarkable  degree  of  hearty  coopera- 
tion among  the  various  members  of  the  staff,  leading  to  an  exchange 
of  mutual  suggestions  and  help  such  as  to  preclude,  oftentimes,  any 
precise  determination  as  to  limits  of  originality  of  conception. 

The  following  indicates  in  a  general  way  the  chief  lines  of  work  of 
those  most  closely  connected  with  the  preparation  of  the  general  plans. 
O.  N.'  Floyd  assisted  materially  in  the  determination  of  the  type  of 
plans  to  be  adopted,  and  had  charge  largely  of  considering  the  effect 
of  the  plan  upon  existing  railroads.  B.  M.  Jones  made  many  of  the 
studies  relating  to  spillway  calculations.  A.  B.  Mayhew,  who  later 
lost  his  life  in  the  service  of  the  District,  made  many  studies  of  co- 
ordination of  the  various  parts  of  the  flood  protection  system.  H.  S. 
B.  McCurdy  made  investigations  of  structural  materials  and  methods 
of  construction  applicable  to  the  dams.  J.  H.  Kimball  had  charge  of 
the  final  development  of  plans  for  channel  improvement.  K.  G.  Grant 
made  most  of  the  detailed  studies  of  retarding  basin  operation.  Walter 
M.  Smith,  as  designing  engineer,  had  charge  of  the  structural  design. 
D.  W.  Mead,  consulting  engineer  of  the  District,  acted  for  a  time  as 
chief  engineer  during  an  illness  of  Mr.  Morgan  and  contributed 
largely  to  settling  the  general  outlines  of  the  adopted  plan.  G.  H. 
Matthes  assisted  on  numerous  branches  of  the  hydraulic  calculations 
and  was  largely  instrumental  in  preparing  this  volume  for  publica- 
tion.   E.  W.  Lane  assisted  materially  in  the  preparation  of  the  manu- 
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script  and  illustrations  and  in  insuring  numerical  accuracy.  H.  A. 
Thomas,  professor  of  civil  engineering  at  Bose  Polytechnic  Institute, 
gave  several  months  most  valuable  assistance  on  the  manuscript  of 
this  volume.  S.  M.  Woodward  outlined  the  volume,  wrote  or  rewrote 
a  large  part  of  the  text,  and  throughout  has  been  responsible  for  its 
final  form  and  content.  The  work  of  the  District  was  at  all  times 
under  the  supervision  of  A.  E.  Morgan,  chief  engineer. 


CHAPTER  II.— THE  FLOOD  PROBLEM 

There  could  be  no  assurance  either  of  security  or  economy  in  plan- 
ning protection  at  great  cost  against  floods,  the  sizes  of  which  are 
mere  conjecture.  One  of  the  essentials,  therefore,  in  the  intelligent 
planning  of  any  system  of  flood  control  is  to  ascertain  the  magnitude 
and  occurrence  of  all  great  floods  in  the  past,  and  the  likelihood  of 
their  being  exceeded  in  the  future. 

Many  difiSculties  usually  stand  in  the  way  of  obtaining  full  data 
relating  to  past  floods,  particularly  the  earlier  ones,  and  such  knowl- 
edge as  it  may  be  possible  to  gather  on  this  subject  can  rarely  be 
made  either  concise  or  complete.  The  subject  is  so  very  important, 
however,  that  it  is  deserving  of  exhaustive  study  in  any  attempt  made 
to  arrive  at  conclusions.  The  more  thorough  such  a  study  is  made,  the 
more  nearly  can  the  protection  system  based  thereon  be  made  to  fit 
the  given  conditions. 

No  method  is  known  of  predicting  with  certainty  the  time  or  size 
of  any  floods  that  may  take  place  in  the  future.  Their  occurrence  and 
magnitude  are  as  uncertain  as  the  meteorological  phenomena  and 
contributing  factors  which  cause  them.  A  few  aspects  of  the  flood 
problem  are,  however,  capable  of  being  formulated  into  fundamental 
propositions,  and  these  can  be  made  to  serve  as  the  basis  for  further 
study.  For  instance,  there  is  abundant  proof  that  small  floods  occur 
more  frequently  than  large  ones;  also,  that  the  probability  of  floods  is 
greatest  at  certain  seasons  of  the  year,  which,  in  the  case  of  the  Miami 
River,  are  the  winter  and  early  spring.  It  may  be  shown  that  more 
or  less  definite  relations  exist  between  heavy  rainfall,  the  rate  of  its 
run-off  from  the  land,  and  the  flood  discharges  in  the  streams.  Start- 
ing with  these  elementary  considerations,  and  developing  these  in  the 
light  of  all  data  that  may  be  applicable  to  the  given  stream,  much  can 
be  accomplished  towards  gaining  an  idea  as  to  what  are  likely  to  be 
the  maximum  local  flood  conditions.  In  this,  it  is  of  great  help  to 
make  comparison  with  flood  records  obtained  elsewhere,  especially 
those  covering  long  periods  of  time  and  under  similar  climatic  condi- 
tions. Records  extending  over  many  centuries  are  available  for  some 
foreign  rivers,  notably  the  Danube,  the  Tiber,  and  the  Seine.  In  the 
United  States,  flood  records  covering  100  years  have  been  compiled 
for  a  few  streams  in  the  eastern  section,  including  the  Ohio,  the  Dela- 
ware, and  the  Hudson,  but  for  most  streams  little  is  known  beyond  the 
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principal  happenings  of  the  past  50  years.  This  is  the  more  unfor- 
tunate since  great  floods  are  of  infrequent  occurrence,  and  records 
over  long  periods  of  time  are  necessary  to  establish  their  frequency. 

Since  storms  are  the  principal  cause  of  floods,  a  study  of  the  great- 
est storms  of  the  past  usually  is  of  assistance  in  estimating  the  fre- 
quency of  large  floods.  In  the  case  of  the  Miami  Valley,  this  pro- 
cedure possessed  certain  distinct  advantages,  which  will  doubtless  be 
found  to  apply  to  similar  investigations  elsewhere.  These  advan- 
tages are: 

First:  Rainfall  records  in  the  eastern  half  of  the  United  States 
cover  longer  periods  of  time  than  do  river  stage  records  of  most 
streams,  while  many  streams  have  no  records  at  all. 

Second :  Knowledge  of  the  volume  of  water  which  may  be  precipi- 
tated on  a  watershed  materially  assists  in  estimating  the  amount  that 
the  streams  of  that  watershed  may  be  called  upon  to  carry.  On 
streams  with  drainage  areas  no  larger  than  that  of  the  Miami  River 
this  class  of  information  sometimes  is  more  useful  than  a  mere  record 
of  river  stages,  especially  where  the  latter  consists  only  of  readings  24 
hours  apart,  as  is  usually  the  case. 

Third :  Aside  from  the  storms  that  have  caused  floods  in  a  drain- 
age area  under  investigation,  many  other  storms  can  be  taken  into 
account,  especially  those  on  neighboring  watersheds;  in  fact  any  un- 
usual storm  rainfall  that  could  logically  have  taken  place  over  the 
region  in  question,  whether  or  not  it  caused  any  flood,  is  of  value  in 
estimating  the  probability  of  recurrence  of  such  storms.  The  total 
number  of  storms  that  can  be  so  studied  is  naturally  far  in  excess  of 
the  number  of  floods  for  which  there  are  records  on  any  given  stream. 

In  such  a  study  it  is  well  to  bear  in  mind  that  the  greatest  storms 
did  not  always  cause  the  greatest  floods,  as  intensity  of  runoff  is 
affected  in  some  measure  by  the  absorptive  condition  of  soil,  the  char- 
acter of  the  topography,  and  other  factors.  Only  general  conclusions 
can,  therefore,  be  drawn  from  such  a  study. 

It  would  be  beyond  the  scope  of  this  Report  to  review  in  detail  all 
of  the  data  and  sources  of  information  which  were  utilized  by  the  en- 
gineering staff  of  the  Miami  Conservancy  District  in  determining  the 
maximum  size  of  flood  against  which  protection  should  be  furnished. 
Only  the  more  important  studies  are  here  described,  special  stress 
being  laid  upon  those  which  contributed  most  toward  shaping  the  con- 
clusions favoring  the  plan  of  protection  finally  adopted. 
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THE  FLOOD  OF  MARCH,  1913,  IN  THE  MIAMI  VALLEY 

The  flood  of  March,  1913,  in  the  Miami  Valley  was  not  only  the 
most  severe  of  which  there  is  record  in  that  valley,  but  as  regards  dam- 


FIG.  1.— RAINFALL  MAP  OF  MABGH  1913  STORM. 

The  map  shows  the  areas  over  which  2,  4,  6,  8,  and  10  inches  of  rainfall, 
respeetiTely,  feU  daring  the  5-day  period  of  greatest  precipitation,  March  23-27, 
1913.  Maxima  of  11.2  inches  in  5  days  were  recorded  at  the  points  marked  A 
and  B,    The  area  covered  by  less  than  2  inches  of  rainfall  is  not  shown. 


age  was  the  greatest  that  has  occurred  in  the  eastern  half  of  the 
United  States  since  the  days  of  first  settlement,  or  when  floods  first 
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began  to  attract  attention.  A  description  of  this  flood  and  the  damage 
which  it  wrought  has  been  published  in  a  previous  report.* 

It  was  caused  primarily  by  hard  rains  which  commenced  March  23, 
and  continued  with  scarcely  any  interruption  until  the  27th.  Con- 
tributing factors  were  a  saturated  soil,  the  result  of  previous  rains^ 
and  low  temperatures  which  reduced  evaporation  to  insignificant  rates. 
In  the  popular  mind,  at  that  time,  there  figured  another  infiuence, 
namely,  the  breaking  of  the  State  reservoirs  on  the  headwaters  of  the 
Miami  and  Stillwater  Rivers,  used  for  storing  water  for  the  operation 
of  the  Miami  and  Erie  Canal.  Investigation  proved  this  to  be  false, 
as  neither  of  the  State  reservoirs  broke.  If  any  thing,  these  basins 
reduced  in  a  slight  degree  the  severity  of  the  fiood  by  detaining  some 
of  the  water. 

RainfaU 

This  storm,  while  not  the  most  intense,  was  perhaps  the  greatest 
in  point  of  total  rainfall  that  has  occurred  in  the  eastern  half  of  the 
United  States  in  the  past  quarter  of  a  century.  The  areas  covered  by 
heavy  rainfall  are  shown  on  the  map  in  figure  1  by  means  of  isohyetal 
lines,  or  rainfall  contours,  drawn  at  2-inch  intervals.  The  2-inch  iso- 
hyetal extends  from  Arkansas  and  Oklahoma  to  Maine,  and  includes 
about  492,000  square  miles.  The  average  depth  of  rainfall  over  this 
area  was  4.2  inches  for  the  5-day  period.  This  is  equivalent  to  32.6 
cubic  miles  of  water.  The  map  shows  also  that  the  heaviest  rainfalls 
took  place  in  central  and  western  Ohio,  including  a  section  of  the 
Miami  River  valley. 

The  depths  of  rainfall  that  fell  day  by  day  over  the  Miami  drain- 
age basin  during  this  storm  are  shown  in  figure  2,  except  for  March 

27  on  which  date  the  rainfall  averaged  only  about  a  half  inch  and 
could  not  be  represented  by  isohyetal  lines.  Figure  3  shows  the  total 
cumulated  rainfall  up  to  7  p.m.  of  each  day. 

It  was  a  fortunate  circumstance  that  in  1913  there  were  a  fair 
number  of  well  equipped  rainfall  stations  in  this  part  of  the  United 
States.  Reports  from  69  stations  were  utilized  in  the  preparation  of 
figures  2  and  3.  The  stations  are  scattered  over  an  area  much  larger 
than  shown,  some  of  them  being  in  Indiana  and  Kentucky. 

The  amount  of  the  precipitation  recorded  is  shown  on  the  maps 
by  means  of  figures  printed  after  the  name  of  each  station.  For  the 
river  stations  maintained  by  the  Weather  Bureau,  where  the  rainfall 
is  measured  in  the  morning,  it  was  necessary  to  estimate  figures  to 

•  The  Mami  Valley  and  the  1913  Flood,  by  Arthur  E.  Morgan,  Chief  Engi- 
neer; Technical  Reports,  Part  I,  The  Miami  Conservancy  District,  Dayton,  Ohio, 
1917. 
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correspond  with  the  7  p.m.  readings  of  the  cooperative  stations. 
Wherever  this  was  done  such  fibres  are  shown  enclosed  in  brackets. 

As  will  be  seen  in  figure  2  the  precipitation  on  March  23  was  not 
very  heavy,  averaging  1.20  inches  in  depth  on  the  entire  drainage 
area.  It  was  heaviest  in  the  northern-  portion.  On  the  24th  heavier 
rains  occurred,  averaging  2.20  inches,  with  the  maximum  over  the 
headwaters  of  Twin  Creek,  further  south  than  on  the  previous  day. 
The  greatest  precipitation  occurred  on  the  25th,  averaging  4.11  inches, 
and  registering  a  maximum  of  5.61  inches  at  Bellefontaine,  in  the 
northeastern  portion.  On  the  morning  of  this  date  the  river,  which 
had  been  steadily  rising,  overtopped  the  levees  in  the  principal  cities, 
and  near  the  following  midnight  attained  its  highest  stages.  On  the 
26th  an  average  of  1.62  inches  of  rain  fell,  and  on  the  27th  0.47,  the 
latter  being  of  little  consequence  as  the  waters  were  then  everywhere 
receding  rapidly. 

Figure  4  shows  the  rainfall  and  its  resulting  runoff  for  the  drain- 
age area  above  Dayton  in  terms  of  inches  of  depth  per  day.  Since  the 
ordinates  of  the  rainfall  curve  represent  rates  of  rainfall,  and  the 
abscissas  represent  time,  the  area  under  the  curve  at  any  point  repre- 
sents the  product  of  the  rate  of  rainfall  and  its  duration,  or  the  total 
quantity  of  water  which  has  fallen  up  to  any  given  moment.  The 
nmoff  curve  portrays  in  a  similar  manner  the  total  quantity  of  water 
that  flowed  off. 

The  rainfall  data  available  is  in  the  form  of  average  rainfall  over 
the  watershed  for  24-hour  periods  preceding  7  p.m.  of  the  dates  given. 
As  the  rate  of  rainfall  throughout  the  day  was  not  uniform,  but  became 
progressively  more  intense  during  the  first  days  of  the  storm  and 
gradually  diminished  toward  the  last,  the  rainfall  curve  has  been 
constructed  in  such  a  way  as  to  represent  this  variation,  keeping  the 
total  rainfall  up  to  the  end  of  each  24-hour  period  the  same  as  the 
depth  actually  measured.  This  method  of  constructing  the  rainfall 
curve  represents  more  nearly  the  true  condition  than  would  the  as- 
sumption of  a  uniform  rate  of  rainfall  for  each  day,  and  portrays  the 
adual  conditions  as  nearly  as  it  is  possible  to  do  so  with  the  data 
available. 

Relation  of  Runoff  to  Rainfall 

To  estimate  the  total  runoff  from  the  rainfall  of  March  23-27, 
1913,  it  is  necessary  to  consider  the  weather  and  ground  conditions 
preceding  the  storm.  January,  1913,  with  a  precipitation  of  over  7 
inches  was  an  unusually  wet  month.    February  was  drier  than  usual, 


Rainfall  of  March  Z5 


Rainfall  of  March  26 


FIG.  2.— DAILY  RAINFALL  DUBING  MABCH  1913  8TOBM,  OVEB  HIAUI 

VALLEY. 
Each  map  shows  the  rainfall  for  the  21-houn  ending  at  7  p.m.  of  Uie  date 

iudittted. 


Ranfall.  March  ii<mlZ4 


Rainfall,  March  23  ft  ZSinci 


Rainfall,  Marcli  tittXIncl. 


RainfDII,  March  13  to  27incl. 


Each  map  shorn  the  total  obaerved  rainfall  from  the  beginniug  of  the  etorm  up 
to  7  p.m.  of  the  date  indicated. 
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the  rainfall  totaling  an  inch  less  than  the  normal  of  3  inches  for  ;tliat 
month,  and  occurring  mostly  on  the  last  three  days.  March  was  Wet 
throughout.  From  the  first  to  the  2l8t  rain  was  recorded. at  all  of 
the  observation  stations  on  about  10  days,  but  these  rains  "^ere  of 
moderate  intensity.    On  the  21st  it  rained  nearly  half  an  inch. 

It  is  evident  from  these  conditions  that  at  the  beginning  of  the  .rain 
storm  on  March  23  the  soil  was  well  saturated  and  the  surface  wet. 


FIG.  4.— RAINFALL  AND  RUNOFF  OF  MARCH  1W3  STORM  FOR  WATER- 
SHED ABOVE  DAYTON,  OHIO. 

These  curves  were  adapted  from  the  observed  data  and  represent  the  most  prob- 
able distribution  of  rainfaU  and  runoff  rates  during  the  storm  period. 


This  would  naturally  conduce  to  a  high  rate  and  consequently  large 
total  of  runoflE.  The  total  rainfall  of  March  23-27  was  9.6  inches. 
The  0.4  inch  rain  which  fell  on  March  21  probably  contributed  slightly 
to  the  storm  runoff  which  extended  over  the  period  March  24-31  and 
which  totaled  9.3  inches.  Assuming  that  0.1  inch  ran  off  from  that 
small  rainfall  the  runoff  from  the  9.6-inch  rainfall  of  March  2^27 
would  be  9.2  inches,  or  a  ratio  of  runoff  to  rainfall  of  95  per  cent. 

The  following  table  gives  the  rainfall  and  runoff  above  Dayton  for 
each  24-hour  period  preceding  7  p.m.  of  the  dates  indicated.  It  is  not 
extended  further  because  of  light  rains  on  March  31  and  April  1, 
which  again  increased  the  runoff  rate. 

The  largest  amount  of  rainfall  in  24  hours  listed  is  4.11  inches. 
Ordinarily  one  would  expect  the  rainfall  for  the  24-hour  period  of 
greatest  precipitation  (beginning  at  some  time  other  than  7  p.m.)  to 
be  much  heavier.  Measurements  of  such  actual  maxima,  made  from 
the  diagram  in  figure  4,  for  24-hour,  48-hour,  and  72-hour  periods 
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Rainfall  InohM.  Runoff  InelieB. 

Haroh  23  1.20  0.04 

**  24  2.20  0.33 

'*  25  4.11  2.17 

"  26  1.62  3.27 

"  27  0.47  1.58 

"  28  0.89 

"  29  0.49 

"  30  0.32 

"  31  0.22 

9JBd  9^1 

showed  but  little  difference,  however,  from  the  maxima  obtained  by 
adding  the  figures  in  the  foregoing  table,  exceeding  the  latter  by  only 
about  0.1  inch.  Slight  differences,  also,  were  found  in  the  case  of  the 
runoff  maxima.  In  the  following  table  is  given  a  comparison  of  rain- 
fall and  runoff  totals  by  periods. 


Rainfall,  Inches 

Runoff,  Inches 

Pereentaceof 
Runoff 

24  hours 

4.1 
6.4 
8.0 
9.2 
9.6 

3.44 
5.84 
7.27 
8.03 
8.48 

84 
91 
91 
87 
88 

48  hours 

72  hours 

96  hours 

120  hours 

It  will  be  noticed  that  the  shape  of  the  runoff  curve,  figure  4,  is 
quite  similar  to  that  of  the  rainfall,  but  the  runoff  lags  behind  the 
rainfall.  This  is  due  to  the  interval,  between  the  time  when  the  rain 
feU,  and  when  its  runoff  passed  through  Dayton.  The  peak  rate  of 
runoff  came  about  17  hours  later  than  the  time  of  maximum  rainfall, 
indicating  that  the  time  of  collection  was  .about  17  hours. 

If  we  should  superimpose  the  peaks  of  the  rainfall  and  runoff 
curves,  as  shown  by  the  dotted  line  in  figure  4,  two  important  differ- 
ences in  their  shape  will  be  noted.  Considerable  rainfall  occurred  in 
the  first  two  days,  while  in  the  same  period  there  was  comparatively 
little  runoff.  Also,  when  the  rainfall  ceased  rather  abruptly,  the  runoff 
continued  for  several  days  afterwards.  The  cause  of  this  condition  is 
that  the  first  few  inches  of  rain  which  fell  was  retained  by  the  many 
small  depressions  and  irregularities  in  the  surface  of  the  ground  from 
which- it  drained  gradually,  continuing  to  do  so  even  after  the  rainfall 
had  ceased. 

The  curves  cross  at  about  5  p.m.  on  the  25th,  the  rate  of  runoff  at 
that  instant  having  become  equal  to  that  of  the  rainfall.  The  amount 
of  rainfall  which  had  not  run  off,  or  the  storage  on  the  surface,  in 
Donds,  rivulets,  and  streams  was  then  a  maximum.     Since  the  total 
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rainfall  up  to  that  instant  is  represented  by  the  area  inclosed  by  the 
rainfall  curve  up  to  that  point,  and  the  corresponding  area  under  the 
runoff  curve  represents  the  total  runoff  up  to  that  time,  the  difference 
between  these  areas  represents  the  volume  of  this  storage.  This  was 
found  to  be  equal  to  an  average  depth  of  5.07  inches  of  rainfall  over 
the  drainage  basin. 

Theoretically,  the  point  of  intersection  of  the  curves  shoidd  be  coin- 
cident with  the  instant  of  maximum  rate  of  runoff.  Figure  4  shows 
the  latter  to  have  occurred  at  12  midnight  of  March  25,  or  7  hours 
later,  due  probably  to  a  certain  amount  of  retardation  of  the  flood 
crest  in  reaching  Dayton.  At  the  time  of  maximum  rate  of  runoff  the 
total  rainfall  which  had  fallen  was  8.02  inches  and  the  amount  of  the 
runoff  3.14  inches.  The  difference,  4.88  inches,  must  have  been  spread 
over  the  drainage  basin.  Of  this,  the  volume  of  water  in  the  main 
streams  aibove  Dayton  is  estimated  at  2.17  inches  and  the  quantity  in 
the  small  streams  and  ponds,  or  on  the  surface,  at  2.71  inches. 

Soon  after  the  flood,  surveys  were  made  to  trace  the  high  water 
lines,  and  to  determine  the  maximum  rates  of  flow  at  various  points 
along  the  river.  The  method  of  determining  these  maximum  rates  of 
discharge  is  given  in  detail  in  another  Technical  Report.*  The  re- 
sults are  shown  on  Figure  5.  On  this  map  opposite  each  point  at 
which  a  measurement  was  made,  is  shown  a  fraction  and  quotient. 
The  numerator  of  the  fraction  represents  the  greatest  discharge  in 
cubic  feet  per  second  that  took  place  at  that  point.  The  denominator 
represents  the  drainage  area  in  square  miles  above  that  point,  while 
the  quotient  represents  the  discharge  in  cubic  feet  per  second  per 
square  mile  for  that  drainage  area.  It  will  be  noticed  that  these  rates 
of  runoff  are  very  high.  Especially  in  the  case  of  the  smaller  areas 
these  maximum  rates  continued  for  but  small  fractions  of  a  day. 

Channel  Capacities  and  Valley  Storage 

It  is  needless  to  say  that  the  channel  of  the  Miami  River  and  those 
of  its  principal  tributaries  were  unable  to  carry  the  discharge  during 
the  high  stages  of  the  1913  flood.  The  extent  to  which  the  channel 
capacities  were  exceeded,  however,  is  so  extraordinary  as  to  merit 
more  than  passing  mention  here.  Besides,  channel  capacity  and  excess 
flood  flow  are  among  the  determining  features  which  entered  into  the 
plan  for  flood  control.  Their  full  signiflcance  should  be  grasped  in 
order  that  the  subsequent  development  of  the  plan  may  be  clear. 

Prom  actual  surveys,  and  from  hydraulic  measurements  made  at 

•  Calculation  of  Flow  in  Open  Channels,  by  Ivan  E.  Houk,  Technical  Reports. 
Part  IV,  Miami  Conservancy  District,  Dayton,  Ohio,  1918. 


PIG.  5.— MAXIMUM  BATES  OP  BTJNOPP  IN  MIAMI  VALLEY  DURING 

FLOOD  OP  MABCH  1913. 

The   figures  are  written   opposite   the  points  at  which   measurementfl   were 
made  subsequent  to  the  flood,  and  give  the  runoff  in  second  feet  per  square  mile 
as  indicated  in  the  legend  in  right-hand  lower  corner. 
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I  numerous  points  along  the  main  river  and  its  tributaries,  it  was  found 
that  on  an  average  the  bank  full  channel  capacity  outside  the  cities 
and  towns  was  not  quite  10  per  cent,  of  the  1913  crest  discharge,  while 
in  the  cities,  where  the  channel  capacities  had  been  artificially  in- 
creased by  means  of  levees  and  other  improvements,  the  channel 
capacities  average  one  third  of  the  1913  crest  discharge.  In  table  III 
of  the  Appendix  are  shown  in  tabulated  form  the  results  obtained  at 
the  various  localities. 

Conjointly  with  this  study,  computations  were  made  of  the  volume 
of  water  which  the  river  channels  were  unable  to  carry  off  and  which 
was  temporarily  stored  on  the  valley  lands  during  the  flood  period, 
and  which  for  brevity's  sake  will  be  referred  to  here  as  '*  valley  stor- 
age/' This  was  determined  from  the  topographic  maps  by  plattintr 
thereon  the  highwater  contour,  taking  numerous  cross  sections  of  the 
valley  up  to  this  contour,  and  computing  the  volumes  of  water  con- 
tained between  successive  cross  sections.  In  table  V  of  the  Appendix 
is  shown  the  valley  storage  for  the  principal  streams,  expressed  in 
terms  of  acre  feet  and  also  in  terms  of  inches  of  depth  over  the  con- 
tributing drainage  areas.  The  latter  figure  will  convey  some  idea  of 
the  proportion  of  rainfall  represented  by  the  valley  storage. 

The  figures  given  involve  the  assumption  that  the  flood  reached 
high  water  mark  in  all  parts  of  the  valley  at  the  same  instant.  This 
was  not  actually  the  case,  but  it  was  so  nearly  true  that  the  error  in- 
troduced by  this  assumption  does  not  sensibly  affect  the  conclusions 
reached. 

COMPARISON  WITH  GREAT  FLOODS  ELSEWHERE 

Floods  in  streams  other  than  the  Miami  also  throw  light  on  the 
problem  of  planning  a  flood  control  system  for  the  Miami  Valley.  It 
has  been  the  custom  to  compare  great  floods  on  the  basis  of  their 
maximum  rates  of  flow  in  cubic  feet  per  second,  or  in  terms  of  maxi- 
mum rate  of  runoff  from  the  areas  drained  by  them.  In  these  forms 
the  data  is  valuable  in  considering  channel  capacity,  but  offers  little 
information  upon  which  to  base  retarding  basin  computations,  since 
the  sufficiency  of  retarding  basins  is  affected  by  total  volumes  of  dis- 
charge as  well  as  by  maximum  rates. 

Figure  6  represents  graphically  the  maximum  rates  of  runoff  of 
great  floods  in  American  and  foreign  rivers.  The  data  used  is  given 
in  tabulated  form  in  Technical  Report,  Part  IV,  page  66.  The  dia- 
gram is  modeled  after  that  of  the  late  Emil  Kuichling,  and  shows  the 
relation  between  high  rates  of  runoff  and  the  size  of  catchment  areas, 
the  ordinates  representing  the  former  in  terms  of  cubic  feet  per  sec- 
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ond  per  square  mile  of  area,  and  the  abscissas  square  miles  of  area 
drained.  American  and  foreign  floods  are  designated  by  means  of 
different  symbols.    The  rates  for  the  March,  1913,  flood  on  the  Miami 
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FIG.  6.— MAXIMUM    BATES    OF    FLOOD    DISCHARGE    FOR    AMERICAN 

AND  FOREIGN  STREAMS. 

The  lower  curve  represents  the  size  of  floods  which  are  likely  to  occur  with 
more  or  less  frequency,  while  the  upper  curve  is  indicative  of  those  that  occur 
but  rarely. 

River  and  tributaries  are  indicated  by  means  of  small  circles,  and 
those  for  the  Olentangy  and  Scioto  river  floods*  of  the  same  date  are 

*  See  Report  to  the  Mayor  and  CHy  Council  on  Food  Protection  for  the  City 
of  Columbus,  OhiOy  by  Alvord  and  Burdick,  Sept.  15,  1913. 
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indicated  by  triangles.  The  diagram  shows  that  the  rates  for  these 
stream)^  are  among  the  largest  on  record.  For  areas  of  1000  square 
miles  and  more  the  Miami  River  rates  exceed  those  of  other  American 
streams,  but  are  exceeded  occasionally  by  foreign  streams.  For  areas 
less  than  1000  square  miles  the  Miami  River  rates  present  nothing 
unusual,  having  been  exceeded  in  numerous  instances  both  at  home 
and  abroad.  This  is  as  might  be  expected,  since  the  rainfall  during 
the  March,  1913,  storm,  though  very  large  considering  the  enormous 
area  which  it  covered,  did  not  possess  the  intensities  that  sometimes 
occur  in  case  of  summer  showers  and  so-called  cloudbursts,  which 
cover  only  restricted  areas  and  cause  the  greatest  flood  rates  on  the 
smaller  streams. 

For  purposes  of  comparison  the  curves  used  by  Kuichling  have 
been  placed  on  the  diagram.  These  curves,  it  should  be  remembered, 
were  based  on  conditions  for  the  most  part  analogous  to  those  in  the 
Mohawk  Valley,  New  York.  The  lower  curve  represents  the  size  of 
floods  which  are  likely  to  occur  with  more  or  less  frequency,  while 
the  upper  curve  is  indicative  of  those  that  occur  but  rarely.  The  run- 
off conditions  in  the  Miami  and  Scioto  valleys  are  in  some  respects 
comparable  with  those  of  the  Mohawk,  and  the  position  of  their  flood 
runoff  rates  on  the  diagram  therefore  emphasizes  the  magnitude  of 
their  floods. 

OTHER  FLOODS  IN  THE  MIAMI  VALLEY 

Though  the  1913  flood  was  the  greatest  recorded  in  the  Miami 
Valley,  a  number  of  other  large  floods  have  occurred,  each  of  which 
showed  the  inefficiency  of  the  old  levee  system  of  protecting  the  cities. 
The  following  has  been  compiled  for  the  most  part  from  the  early 
histories  of  Dayton  and  gives  a  fairly  reliable  picture  of  the  more  im- 
portant happenings  of  that  kind. 

1805. — The  Miami  Valley  was  first  settled  at  Dayton  in  1796,  and 
the  first  flood  of  record  occurred  in  March,  1805.  It  was  caused  by 
the  melting  of  deep  snows  and  heavy  rains  on  the  headwater  of  the 
Mad  and  Miami  Rivers.  The  water  rose  rapidly,  overflowed  the  banks 
at  the  head  of  Jefferson  Street  and  just  west  of  Wilkinson  Street, 
covering  nearly  all  the  town  plat,  except  a  small  portion  bounded  by 
Monument  Avenue,  Wilkinson,  Perry,  Third,  and  Main  Streets.  No 
levees  had  been  built  at  this  time,  and  ordinary  freshets  covered  the 

»  • 

low  ground  east  from  the  present  location  of  the  canal.    The  water 
was  about  eight  feet  deep  at  the  corner  of  Third  and  Main  Streets, 
where  there  was  a  gully  at  that  time,  which  has  since  been  filled  to  a  . 
depth  of  six  to  seven  feet  above  its  original  elevationi 
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The  direction  and  depth  of  flow  has  been  so  changed  by  the  con- 
struction of  buildings  in  the  main  part  of  Dayton  and  by  the  cutting 
of  the  forests  in  the  river  valley  immediately  above  and  below  the  city 
that  it  is  not  possible  to  tell  whether  the  flood  of  1805  represented  a 
flow  as  great  as  or  greater  than  that  of  1913.  Probably  the  discharge 
at  Dayton  was  very  much  less  than  in  1913. 

i8i4« — The  rivers  again  reached  a  dangerous  stage  in  1814  (no 
record  of  the  month),  and  overflowed  the  low  lands  to  the  east  of  Main 
Street  at  the  present  intersection  of  First  Street  and  Canal  Street.  A 
ferry  was  maintained  for  several  days,  the  water  being  deep  enough 
to  swim  a  horse. 

1828. — On  January  8,  1828,  the  rivers  were  in  flood,  breaking  or 
passing  around  all  the  small  levees  that  had  been  built  up  to  that  time. 
Considerable  damage  was  caused,  small  bridges  were  carried  away  and 
a  warehouse  at  the  head  of  Wilkinson  Street  was  destroyed. 

1832. — In  February  1832  another  flood  occurred  as  high  as  that 
of  1828.  This  flood  washed  out  the  middle  pier  of  the  Bridge  Street 
bridge  (now  Dayton  View  bridge). 

1847. — The  following  is  quoted  from  an  account  of  the  flood  of 
January  2,  1847,  published  in  Odell  's  Dayton  Directory  and  Business 
Advertiser,  dated  1850. 

*'A  few  minutes  after  midnight,  (Jan.  1,  1847)  the  insignificant 
outer  levee,  that  for  years  had  been  neglected  and  weakened  by  earth 
being  hauled  from  it  to  fill  up  house  yards  and  roads,  gave  way,  near 
Bridge  Street,  and  the  inner  levee  being  insufficient  to  withstand  the 
torrent  suddenly  rushing  upon  it,  and  rising  in  a  breast  two  feet 
above  it,  soon  after  fell  in.  A  breach  once  made,  the  waters  rose 
rapidly,  filling  the  cellars  and  covering  the  ground  floors  of  houses  in 
the  vicinity.  .  .  .  The  levee  gave  way  near  the  head  of  Mill  Street, 
about  two  o'clock  (Jan.  2)." 

The  account  states  that  comparatively  little  damage  was  done, 
and  that  no  lives  were  lost.  It  is  accompanied  by  a  map  of  the  city, 
showing  the  inundated  area,  from  which  it  appears  that  nearly  the 
entire  section  bounded  by  Water  (now  Monument),  Wilkinson,  Fifth, 
and  Jefferson  Streets  was  not  covered  by  water,  the  principal  damage 
being  done  west  of  Perry  and  east  of  St.  Clair  Streets.  The  account 
closes  with  the  following  significant  remark : 

**A  levee  was  soon  after  constructed,  which  will  completely  secure 
the  lower  parts  of  town  from  any  such  catastrophe  for  the  future. '' 

1866. — Heavy  rainstorms  starting  on  September  17,  1866,  aaid 
lasting  for  four  days,  caused  a  serious  flood.  The  levee  gave  way  east 
of  town  and  water  rushed  through  the  lower  parts  of  the  City,  J?ack- 
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water  from  the  Miami  River  through  an  old  ditch  aiding  in  flooding 
the  southern  part.  At  the  corner  of  Third  and  Jefferson  the  water 
was  a  foot  deep  on  the  floor  of  the  Beckel  House,  and  at  Third  and 
Main  it  was  four  inches  deep  on  the  floor  of  the  Phillips  House.  Rail- 
road communication  was  cut  off  and  the  losses  to  public  and  private 
property  were  estimated  at  $250,000.00.  After  this  flood,  the  river 
channel  was  widened  by  adding  a  span  to  the  Third  Street  bridge 
and  to  the  Bridge  St.  bridge. 

The  rainfall  causing  this  flood  was  recorded  at  a  unmber  of  points. 
At  Spiceland,  Indiana,  8.50  inches  fell;  at  Urbana,  Ohio,  7.43;  at 
Westerville,  Ohio,  5.98 ;  at  Marion,  Ohio,  4.54,  and  at  Muncie,  Indiana, 
4.60  inches.  Considerable  rain  had  fallen  during  the  first  part  of 
the  month  and  the  ground  was  therefore  partly  saturated. 

The  low  stage  caused  by  the  high  rainfall  in  1866  as  com- 
pared with  1913,  was  doubtless  partly  due  to  the  fact  that  in  1866  the 
swamp  lands  on  the  upper  watershed  were  not  drained  and  constituted 
natural  storage  reservoirs,  and  also  to  the  fact  that  the  flood  occurred 
at  the  end  of  summer,  when  the  capacity  of  the  soil  to  hold  wat?er 
naturally  would  be  greatest,  and  when  the  runoff  would  be  only  half 
or  two-thirds  as  much  as  would  result  from  a  like  storm  in  March. 

1883. — There  was  a  general  flood  in  the  Miami  on  February  3,  4, 
and  5,  the  danger  being  increased  by  the  large  amount  of  ice  in  the 
stream.  The  water  did  not  quite  reach  the  high  water  mark  of  1847, 
and  was  two  feet  below  that  of  1866.  Wolf  Creek  rose  to  an  unpre- 
cedented height.  The  rivers  did  not  overtop  or  burst  their  levees  at 
any  point  in  Dayton,  but  all  of  the  low  lying  sections  of  town  were 
flooded  by  water  which  entered  through  the  flood  gates  of  the  canal, 
hydraulics,  and  sewers,  which  were  frozen  to  their  bearings  and  could 
not  be  shut.  The  water  was  twenty-two  inches  deep  at  the  foot  of 
Ludlow  Street.  After  this  flood,  the  levees  were  strengthened  and 
extended. 

1886. — On  May  12,  1886,  a  heavy  rainfall,  accompanied  by  a 
shower  of  hail,  occurred  generally  over  the  drainage  area,  being  espe- 
cially heavy  on  Wolf  Creek.  The  southern  part  of  the  city  was 
troubled  by  the  collection  of  storm  water.  The  railway  embankment 
across  the  Wolf  Creek  Valley  finally  gave  way,  washing  a  number  of 
houses  on  the  west  side  from  their  foundations  and  flooding  a  large 
part  of  that  section.  On  Fifth  Street  from  Wayne  Avenue  to  Eagle 
Street,  the  water  covered  the  streets  and  the  side-walks  for  nearly  the 
whole  distance.  Between  Wayne  and  Bainbridge  and  on  Wayne  from 
Fifth  south  to  Burns,  the  water  was  about  2^^  or  3  feet  deep,  and  the 
territory  bounded  by  Warren,  Buckeye,  Chestnut,  Wayne,  and  Park 
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Streets,  was  entirely  submerged,  deep  enough  in  places  to  swim  a 
horse. 

1897  and  1898.— On  March  6,  1897,  and  again  on  March  23,  1898, 
there  were  severe  floods.  The  Miami  in  both  years  broke  into  North 
Dayton  at  a  sharp  bend  which  has  since  been  cut  off,  and  flooded  all 
the  low  ground  in  that  section.  Riverdale  was  flooded  by  backwater 
through  the  gates  of  the  old  hydraulic  race  which  has  since  been  re- 
moved. Storm  water  collected  on  the  streets  in  the  lower  parts  of  the 
city,  flooding  a  number  of  low  spots,  to  a  depth  of  several  feet.    The 
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HG.  7.— MAXIMUM  MIAMI  RIVER  STAGES  OF  11  FEET  AND  OVER  AT 

DAYTON,  OHIO. 

Based  on  gage   readings  at   Main  Street  bridge,  Dayton,  Ohio.    Crest  stages 

marked  with  stars  were  estimated. 


level  of  the  water  in  many  places  reached  the  top  of  the  then  existing 
levees  which  were  raised  about  three  feet  during  the  next  year.  The 
cause  of  the  flood  of  1898  was  a  rainfall  of  about  41/2  inches  coming 
at  a  time  when  the  ground  was  thoroughly  saturated  by  previous 
rains. 

Figure  7  shows  the  flood  stages  at  Dayton  of  which  record  has  been 
preserved  or  which  it  was  possible  to  compute  from  reliable  high 
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water  marks  or  other  references.  The  floods  are  arranged  in  order 
of  magnitude,  the  earliest  flood  represented  being  that  of  September 
1866.  The  stars  in  the  diagram  indicate  those  floods  for  which  the 
crest  stages  were  determined  graphically  by  the  method  explained  in 
chapter  VII. 

An  attempt  was  made  to  determine  the  frequency  of  Miami  River 
floods  of  various  magnitudes  from  the  above  data.  The  results  of  the 
study  are  shown  on  figure  8.  From  figure  7  were  obtained  the  aver- 
age number  of  years  intervening  between  successive  recurrences  of  a 
flood  which  equalled  or  exceeded  a  particular  size.  Using  the  average 
interval  and  the  given  size  of  flood  as  coordinates,  points  were  plotted 
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PIG.  8.— FREQUENCY   CURVES  FOR  MIAMI  RIVER  FLOODS. 
Based  on  floods  recorded  at  Main  Street  bridge  gage,  Dayton,  Ohio. 


as  shown  on  figure  8.  The  length  of  the  period  covered  by  accurate 
records  is  so  short  as  to  give  reliable  estimates  of  the  probability  of 
recurrence  of  the  smaller  floods  only.  As  the  size  of  the  flood  in- 
creases, the  reliability  of  the  corresponding  frequency  decreases,  and 
for  very  large  floods  such  as  that  of  1913  the  diagram  indicates  a  wide 
range  of  possibilities.  This  is  shown  by  the  two  curves  drawn  in  the 
figure.     These  curves  are  of  different  mathematical  types,  but  each 
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was  fitted  to  the  plotted  points  as  closely  as  possible,  and  its  equation 
was  then  determined.  These  equations,  using  F  as  the  average  in- 
terval in  years  between  floods,  and  M  as  the  magnitude  of  the  flood  in 
second  feet,  are  shown  on  the  diagram.    According  to  the  equation 


{^-47^1- 
'       1       4920       J       ^ 


the  average  interval  between  floods  as  large  as  that  of  1913  would  be 
318  years.    According  to  the  other  curve 

F  =  Log  "H  0.000,012  (itf  +  40,000)  ]— 9 

the  interval  would  be  about  3000  years.  The  limitations  of  this 
method  of  determining  the  probable  frequency  of  recurrence  of  large 
floods  are  evident. 

The  upward  tendencies  of  the  curves  should  not  be  construed  to 
mean  that  there  is  no  limit  to  the  sizes  of  floods  that  can  occur.  Cli- 
matic conditions  impose  limits  which,  though  not  mathematically 
definite,  cannot  be  ignored.  To  extend  the  curves  beyond  these  limits 
would  lead  to  absurdities.  A  number  expressing  a  probability  of  oc- 
currence of  a  flood  40  per  cent  greater  than  that  of  1913^  or  even 
greater,  could  be  ascertained  by  extending  the  curves,  but  this  would 
be  no  indication  that  such  a  flood  would  be  at  all  possible  of  occur- 
rence. The  studies  of  storms  and  floods  made  by  the  engineers  of  the 
District  from  all  data  available  to  them  show  that  floods  exceeding  the 
March  1913  flood  by  from  15  to  20  per  cent  are  the  probable  limit  of 
what  may  be  expected  in  the  Miami  Valley  under  present  climatic 
conditions. 

GREAT  RAINSTORMS  IN  THE  XTNITED  STATES 

The  great  storm  of  March  1913  was  not  a  unique  occurrence. 
Other  storms  comparable  in  size  with  it  have  occurred  in  the  United 
States,  east  of  the  Mississippi  River,  and  a  review  of  such  storms 
made  by  the  engineers  of  the  District  gives  every  indication*  that  a 
rainfall  gifeater  than  that  of  March  1913,  over  the  Miami  Valley,  is 
well  within  the  range  of  possibilities. 

All  of  the  large  storms  that  have  occurred  since  1892,  when  rain- 
fall stations  became  suflSciently  numerous  to  give  reliable  indication 
of  the  areas  covered  by  different  depths  of  rain,  were  studied  in  detail, 
as  were  also  a  few  that  occurred  earlier  than  this  and  for  which  suf- 
ficient data  could  be  obtained.*    In  all,  160  storms  were  studied,  113 

•Storm  BainfaU  of  Eastern  United  States,  Technical  Reports,  Part  V,  Miami 
ConserTancy  District,  Dayton,  Ohio,  1917. 
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in  the  southern  states  and  47  in  the  northern,  all  east  of  the  103d 
meridian.  West  of  this  line  rainfall  conditions  are  so  different  as  to 
throw  little  light  on  the  problem  in  the  Miami  Valley.  Of  the  160 
storms,  17  in  the  north  and  16  in  the  south  were  made  the  subject  of 
special  study,  a  set  of  isohyetal  maps  being  constructed  for  each 
storm,  showing  the  distribution  of  rainfall,  respectively,  for  the  1,  2, 
3,  4,  and  5-day  periods  of  maximum  precipitation.  In  addition, 
curves  were  platted  showing  the  relation  between  depth  of  rainfall 
and  area  covered  for  each  of  these  periods.  These  studies  are  the 
most  elaborate  of  their  kind  ever  undertaken.  They  are  fully  de- 
scribed in  Part  V  of  the  Technical  Reports,  and  the  reader  is  re- 
ferred to  it  should  he  be  in  search  of  detailed  information  as  to 
methods  and  results.  They  show  conclusively  that  the  March  1913 
storm  has  been  equalled  or  exceeded  on  areas  of  4000  square  miles  by 
several  of  the  northern  storms,  and  has  been  exceeded  by  practically 
all  of  the  16  southern  storms. 

GREAT  STORMS  OF  THE  PAST  AS  APPLIED  TO  MIAMI 

VALLEY  CONDITIONS 

Of  the  33  great  storms  which  were  given  special  study,  the  16  in 

a 

the  southern  group  are  not  closely  applicable  to  Miami  Valley  con- 
ditions, as  the  evidence  obtained  from  the  studies  showed  conclu- 
sively that  these  southern  storms  cannot  bfe  duplicated  in  the  Miami 
Valley.  Of  the  17  storms  in  the  northern  group,  5  were  east  of  the 
Appalachian  Mountains,  and  could  not  be  duplicated  in  the  Miami 
Valley  on  account  of  the  barrier  these  mountains  furnish  against  the 
passage  of  great  quantities  of  water  vapor.  The  remaining  12  storms 
in  the  northern  group  are  those  which,  within  the  limits  of  possibility, 
are  considered  applicable  to  the  Miami  watershed.  A  list  of  these 
giving  the  date  of  occurrence  and  geographical  location  of  center  is 
shown  in  table  1.  The  average  rainfall  for  each  storm  is  given  for 
1-day  to  5-day  periods  of  maximum  precipitation  in  inches  and  also 
expressed  as  percentages  of  that  of  the  March  1913  storm.  In  each 
case  the  area  covered  is  4000  square  miles,  this  being  the  approximate 
size  of  the  Miami  River  drainage  basin. 

The  table  shows  that  for  the  maximum  rainfall  period  of  one  day 
the  storms  of  August  1903  and  June  1905  materially  exceeded  the 
storm  of  March  1913.  Both  were  Iowa  summer  storms.  The  first 
lasted  4  days,  but  except  for  the  1-day  maximum  it  was  practically 
the  same  size  as  the  March  1913  storm  over  an  area  of  4000  square 
miles  at  the  center.  The  second  fell  principally  in  12  hours,  and  alto- 
gether in  24  hours.     For  1-day  maximum  rainfall  those  two  storms 
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Table  1.— Comparative  Intensltlee  of  Twelve  Great  Storms  Applicable  to  the 
Miami  Valley,  for  1-day  to  5-day  Periods  of  MaTinmm  Rainfall. 

The  greatest  average  depth  of  rainfall  over  an  area  of  4000  square  miles  at 
the  center  of  each  storm  is  expressed  in  inches  and  also  as  percentages  of  the 
depths  for  the  corresponding  rainfall  of  the  storm  of  March  23-27,  1913. 


DfttooC  Storm 


Dec.  17-20,  1896.... 

July  14-16,  1900. . . . 

Aug.  25-28,  1903... 

June  9-10,  1905 

Sept.  15-19,  1905 . . . 

July  5-7,  1909 

1  July  20-22,  1909.... 

'  Oct.  4-6,  1910 

!  July  20-24,  1912.... 

Jan.  10-12,  1913 . . . . 
I  March  2^-27,  1913  . 

Aug.  17-20,  1915 .  . . 


Center 


Average  Maximum  Rainfall,  by  Periods 


l-Day 


Inehf 


Mo. 

5.5 

Iowa 

5.8 

Iowa 

7.8 

Iowa 

7.8 

Mo. 

5.5 

Mo. 

5.0 

Wis. 

4.9 

HI. 

5.9 

Wis. 

•  •  • 

Ark. 

4.9 

Ohio 

5.8 

Ark. 

6.4 

Per 

Cent. 


95 

100 

133 

135 

95 

86 

83 

102 


83 
100 
110 


3-Day 


3-Day 


IndK 


8.1 
8.6 
8.3 

•  •  • 

7.4 
6.1 
6.2 

8.7 


6.0 
8.0 
8.6 


Per 
Cokt. 


100 

108 
104 

•  »  ■ 

93 

76 

76 

109 


Inofaeacent. 


75 
100 
108 


9.6 
9.5 


107 
106 


9.4  1105 

«  •  «  • 

9.1  101 

8.6  I  96 

7.2!  80 

11.7  130 


7.1     79 


9.0 
11.2 


100 
125 


4-Day 


Per 


6-Day 


Per 


Inches  Cent.  Io«*»«»  Cent. 


9.7    103 


9.6  ,102 


9.9 


9.4 
11.6 


105    10.4 


100 
123 


6.5 


10.1 


103 


64 


100 


exceeded  that  of  1913  by  33  and  35  per  cent  respectively.  For  a 
stream  of  the  size  of  the  Miami,  a  1-day  rainfall  is  of  too  short  dura- 
tion to  produce  a  maximum  flood  condition.  A  storm  of  longer  dura- 
tion, although  the  rainfall  on  the  maximum  day  might  be  considerably 
smaller,  could  easily  cause  a  more  serious  flood.  In  the  course  of  the 
investigation  it  was  found  that  the  3-day  period  of  maximum  pre- 
cipitation would  place  the  greatest  burden  on  a  system  of  flood  con- 
trol works  in  the  Miami  Valley.  A  comparison  of  the  3-day  maxima 
in  table  1  is  therefore  more  to  the  point.  This  reveals  six  storms 
greater  than  March  1913.  The  largest  are:  that  of  October  1910 
which  had  30  per  cent,  and  that  of  August  1915,  which  had  25  per 
cent  more  rainfall  on  a  4000  square  mile  area  in  3  days  than  had  the 
storm  of  March  1913.  Neither  of  these  storms  occurred  in  winter. 
They  occurred  at  seasons  of  the  year  when  soil  absorption  and  evapo- 
ration are  greatest  and  the  percentage  of  runoff  usually  least.  It  is 
doubtful  if  they  would  have  produced  floods  as  severe  as  the  1913 
flood  in  the  Miami  River  had  they  been  centered  over  its  drainage 
basin.  But  it  is  not  certain  that  such  storms  can  occur  over  that 
basin.  Their  centers  are  farther  south,  and  it  is  probable  that  in 
reaching  the  Miami  Valley  they  would  have  suffered  considerable 
reduction.  It  is  still  less  probable  that  such  storms  would  occur  dur- 
ing the  winter  months  when  the  capacity  of  the  air  for  carrying  mois- 
ture is  very  materially  less  than  it  is  in  summer. 
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Of  the  12  storms  listed,  all  but  3  occurred  during  the  summer  or 
fall  months.  This  in  itself  is  an  indication  that  a  winter  storm  of  the 
magnitude  of  that  of  March  1913  is  a  rare  occurrence.  One  winter 
storm,  that  of  December  1895,  is  quite  similar  to  the  March  1913 
storm,  being  slightly  less  for  the  1-day  and  slightly  greater  for  the  3- 
and  4-day  periods.  If  it  had  occurred  over  the  Miami  Valley,  it 
would  have  produced  a  flood  very  similar  and  probably  no  greater 
than  the  1913  flood. 

From  the  foregoing  it  will  be  seen  that  the  storm  of  March  1913 
was  an  unusually  great  winter  storm,  considering  the  region  of  its 
occurrence.  The  storm  data  collected,  which  covers  more  than  half  a 
century,  does  not  furnish  evidence  to  indicate  that  it  will  ever  be 
greatly  exceeded  in  the  Miami  Valley  as  long  as  climatic  conditions 
remain  similar  to  those  of  recent  centuries. 

MAXIMUM  POSSIBLE  FLOOD  IN  THE  MIAMI  VALLEY 

The  records  of  European  streams  are  illuminating  since  they  show 
that  floods  which  occur  on  an  average  of  once  in  a  century  or  two,  have 
been  exceeded  in  the  course  of  many  centuries.  The  amounts  by 
which  they  were  so  exceeded,  however,  were  usually  small.  For  in- 
stance, in  the  case  of  the  Danube,  the  flood  record  of  which  dates  back 
to  1000  A.D.,  it  appears  that  the  greatest  flood  occurred  in  1501.  The 
second  largest,  in  1787  was  85  per  cent  as  large  in  volume,  while  the 
diflPerence  in  stage  was  trifling.  The  third  largest  occurred  in  1899, 
and  its  discharge  was  75  per  cent  as  large. 

In  the  Seine  at  Paris  the  highest  stage  on  record  in  three  cen- 
turies is  30  feet,  in  the  year  1611.  The  next  highest  flood  was  only 
one  foot  less  and  occurred  in  1658,  while  the  third  highest  was  two  and 
a  half  feet  less  and  occurred  in  1910.  It  is  estimated  that  the  maxi- 
mum rates  of  discharge  in  1658  and  1910  were  practically  the  same. 
There  have  been  a  number  of  other  great  floods  only  three  or  four  feet 
less. 

On  the  Tiber  River  the  first  great  flood  recorded  at  Rome  was  in 
413  B.C.  The  greatest  flood  occurred  1598  A.D.  Another  nearly  as 
large  took  place  in  1870.  There  have  been  several  other  floods  but 
little  smaller. 

Similar  flood  data  is  at  hand  for  other  streams.  Reasoning  from 
analogy  we  may  conclude  that  the  flood  of  March  1913  in  the  Miami 
Valley  probably  will  not  be  greatly  exceeded  so  long  as  climatic  con- 
ditions are  similar. 

The  extensive  investigation  of  great  storms,  previously  described, 
gives  every  indication  that  the  flood  of  March  1913  is  one  of  the  great- 
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est  floods  in  centuries  in  the  Miami  Valley.    Coupled  with  the  evidence 
.'  obtained  from  the  foreign  long  term  flood  records,  there  is  reason  to 
i  believe  that  in  the  course  of  three  or  four  hundred  years,  a  flood  15 
I  or  20  per  cent  greater  in  volume  may  occur.    There  is  no  evidence 
that  would  lead  to  the  conclusion  that  the  greatest  possible  flood  dis- 
charge could  be  appreciably  more  than  20  per  cent  in  excess.    These 
conclusions  are  based  upon  the  resuIts^oF Investigations  probably 
more  thorough  than  have  ever  before  been  made  for  a  similar  problem. 
If  longer  records  were  available  for  the  Miami  River  or  for  neigh- 
boring streams,  a  closer  estimate  could  be  made  and  the  percentage  of 
excess  might  be  determined  within  closer  limits. 

FLOOD  DISCHARGE  40  PER  CENT  GREATER  THAN  THAT  OF 
MARCH  1913  CHOSEN  AS  BASIS  FOR  DESIGN 

In  the  planning  of  the  flood  control  works  for  the  Miami  Valley 
provision  has  been  made  for  floods  greater  than  the  maximum  consid- 
ered possible.  This  was  done  to  place  the  engineering  works  safe 
beyond  limitations  of  data  or  errors  in  judgment  or  technique.  Such 
a  course  is  as  necessary  in  the  design  of  flood  control  works  as  it  is  in 
the  design  of  any  structure.  It  would  not  be  good  engineering  to  pro- 
vide only  for  the  maximum  possible  conditions  indicated  by  human 
judgment. 

Accordingly,  the  Miami  Valley  flood  control  works  are  designed 
to  protect  the  valley  against  a  flood  discharge  nearly  20  per  cent 
greater  than  the  ^maximum  flood  flow^that  is  considered  possible  to 
occuTj^or^nearly^Oj^r  cent  larger  than  the  crest  discharge  during 
the  March  1913  flood. 


CHAPTER  III.— THE  RETARDING  BASIN  PLAN 

This  chapter  is  devoted  to  a  brief  description  of  the  plan  adopted 
for  controlling  floods  in  the  Miami  Valley,  and  the  principal  reasons 
favoring  its  adoption!  This  plan  is  usually  spoken  of  as  the  retarding 
basin  j)lan,  because  its  principal  featureii  are  large  retarding  basins 
designed  to  reduce  flood  flow  to  the  carrying  capacity  of  the  river 
channels. 

Each  basin  is  formed  by  building  across  the  valley  an  earth  dam 
of  the  safest  and  most  durable  type.  Substantial  concrete  outlets 
through  the  base  of  each  dam  permit  the  ordinary  river  flow  to  pass 
through  unobstructed.  The  size  of  these  outlets  is  such  that  at  times 
of  highest  floods  only  such  amounts  of  water. will  escape  through  them 
as  can  be  safely  taken  care  of  in  the  river  channels  below  the  dams. 
The  excess  water  is  held  back  'by  the  dams,  and  accumulates  tem- 
porarily on  the  valley  lands  situated  above  them,  to  flow  off  later 
through  the  outlets  as  the  flood  subsides. 

Retarding  basins  differ  from  storage  reservoirs  in  that  they  come 
into  use  only  at  infrequent  intervals,  and  then  only  for  a  few  days  at 
a  time.  Water  is  not  held  in  them  in  the  sense  of  storage ;  it  is  merely 
delayed  or  retarded  there  in  its  transit  downstream.  There  being  no 
gates,  the  outlet  conduits  are  wide  open  at  all  times  to  pass  the  ordi- 
nary river  flow,  and  even  small  rises,  without  reduction.  Except  dur- 
ing floods,  therefore,  the  dams  do  not  obstruct  the  rivers,  and  thus, 
ordinarily,  the  valley  lands  which  compose  the  bottoms  of  these  basins 
are  in  their  normal  condition  and  can  be  used  for  grop  growing  just 
as  though  there  were  no  dams.  As  floods  on  the  Miami  River  usually 
occur  in  January,  February,  and  March,  but  little  interference  with 
the  use  of  these  lands  for  agricultural  purposes  is  expected. 

In  the  preceding  chapter  attention  has  been  called  to  the  large 
amount  of  water  which  ordinarily  becomes  detained  temporarily  on 
the  valley  lands  during  a  high  flood,  and  which  was  referred  to  as 
valley  storage.  The  function  of  a  retarding  basin  is  to  confine  this 
water  to  a  comparatively  small  area,  and  to  relieve  from  overflow  the 
remainder  of  the  valley  below.  As  in  the  case  of  the  valley  storage, 
the  water  in  a  retarding  basin  is  not  brought  to  a  complete  standstill, 
as  it  would  be  in  a  closed  reservoir,  but  continues  to  flow  slowly,  its 
movement  merely  being  greatly  retarded.  It  is  this  retaining  or  re- 
tarding action  that  has  earned  the  name  of  **  retarding  basins,"  rather 
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than  that  of  storage  reservoirs,  for  the  artificial  basins  created  by  the 
dams.  " 

The  retarding  basins  as  designed  for  the  protection  of  the  Miami 
Valley  have  a  joint  capacity  equal  to  IV^  times  the  valley  storage  dur- 
ing the  peak  of  the  1913  flood,  measured  from  Hamilton  northward. 
The  aggregate  area  that  will  be  flooded  within  the  boundaries  of  the 
retarding  basins  during  a  flood  like  that  of  March  1913  is  less  than 
half  the  total  area  that  was  actually  flooded  in  1913  above  Hamilton, 
and  does  not  include  any  highly  developed  areas  such  as  cities. 

VARIOUS  PLANS  INVESTIGATED 

• 

Immediately  after  the  March  1913  flood,  when  investigations  were 
first  undertaken,  there  was  a  general  belief  at  Dayton,  Hamilton,  and 
other  cities  in  the  valley,  that  the  solution  of  the  flood  problem  should 
be  by  means  of  channel  improvements.  A  number  of  such  plans  were 
considered,  descriptions  of  which  will  be  found  in  chapter  XIII. 
Their  object  was  to  create  greater  carrying  capacity  in  the  river  chan- 
nels by  correcting  their  alignment,  by  making  enlargements,  and  by 
increasing  the  height  of  the  levees.  The  enormous  cost  of  these 
projects,  in  part  due  to  the  large  amount  of  valuable  property  that 
would  have  had  to  be  acquired,  and  more  especially  the  excessive  main- 
tenance costs  which  such  disturbances  of  river  regimen  would  cause, 
led  to  the  eventual  abandonment  of  all  such  plans  in  favor  of  the 
retarding  basin  plan  of  protection.  The  advantages  of  the  latter  plan, 
at  the  outset,  had  not  been  fully  appreciated.  Investigation  of  the 
use  of  dams  for  detaining  excess  flood  waters  had  been  made  in  pur- 
suance of  a  desire  to  test  -all  feasible  plans  of  protection ;  its  advan- 
tages over  other  plans  gradually  became  apparent. 

Different  combinations  of  large  basins  were  investigated,  as  were ' 
also  the  possibilities  of  using  a  large  number  of  small  ones  scattered 
over  the  watershed.  The  incidental  use  of  the  larger  dams  for  the 
production  of  water  power  was  considered,  but  no  conditions  were 
found  that  would  make  sruch  development  either  desirable  or  com- 
mercially feasible. 

As  the  studies  progressed  it  became  clear  that  a  few  large  retard- 
ing basins  located  at  controlling  points  on  the  main  river  and  its 
principal  tributaries  would  furnish  the  greatest  degree  of  protection 
at  the  least  cost.  It  became  evident  also,  hpwever,  that  the  capacities 
of  the  more  promising  basin  sites  could  not  be  developed  beyond  cer- 
tain physical  limits  without  excessive  cost  imposed  by  the  presence  of 
towns  and  railroads,  while  to  a  limited  extent  channel  improvement 


I 


48  MIAMI   CONSERVANCY   DI8TBICT 

was  feasible  and  economical.  Thus  the  policy  was  reached  of  supple- 
menting the  protection  which  the  dams  afforded  by  increasing  the 
river  channel  capacities  through  the  cities.  Many  different  combina- 
tions of  retarding  basins  and  local  channel  improvements  were  worked 
out,  until  by  comparison  and  trial  a  plan  was  evolved  which  in  terms 
of  value  and  cost  seemed  to  give  approximately  the  best  possible  re- 
sults. It  provides  for  five  large  retarding  basins,  so  located  as  to  give 
the  greatest  feasible  degree  of  protection  to  both  city  and  country 
properties.  It  provides  also  for  certain  improvements  of  the  river 
channels  and  levees  in  the  principal  cities,  at  a  cost  representing  only 
a  fraction  of  what  the  channel  projects,  contemplated  in  the  earlier 
studies,  would  cost.  The  plan  as  a  whole  was  made. consistently  eflS- 
cient  throughout ;  that  is,  the  respective  capacities  of  retarding  basins, 
their  outlets,  and  the  improved  channels  through  the  cities  were  so 
proportioned  as  to  be  a  balanced  system.  As  designed  it  will  afford 
complete  protection  to  the  cities  against  a  flood  discharge  about  40  per 
cent  greater  than  what  occurred  in  March  1913.  The  greater  part  of 
the  lands  outside  the  cities  are  only  partially  protected,  as  in  most 
cases  complete  protection  of  low  lying  farm  lands  would  cost  far  more 
than  the  benefits  resulting. 

An  idea  of  the  magnitude  of  the  system  may  be  gained  from  the 
statement  that  the  basins  if  filled  to  spillway  level  would  cover  an 
aggregate  area  of  55V^  square  miles.  A  flood  similar  to  that  of  March 
1913  would  flood  46^^  square  miles  in  the  basins. 

The  use  of  retarding  basins  for  flood  control  is  not  without  pre- 
cedent. They  have  been  used  for  many  years  both  in  this  country  and 
in  Europe.  Two,  in  France,  that  are  the  largest  in  Europe,  have  been 
in  use  over  two  hundred  years.  However,  the  great  majority  of  re- 
tarding basins  in  Europe  are  of  comparatively  recent  date,  their  con- 
struction having  had  to  await  the  enactment  of  adequate  laws  for  ap- 
portioning the  costs  of  such  undertakings. 

In  table  2  is  given  a  list  of  the  better  known  flood  control  reser- 
voirs. Of  these  45  are  in  Europe,  1  in  India,  and  10  in  the  United 
States.  Included  in  the  latter  number  are  the  5  retarding  basins  of 
the  Miami  system.  It  will  be  seen  that  these  are  among  the  largest 
built  and  that  a  combination  of  five  large  basins  is  without  precedent. 

It  will  be  noted  that  many  of  the  European  reservoirs  serve  a 
double  purpose,  their  lower  portions  being  used  for  storage  purposes, 
and  their  upper  portions  being  kept  empty  so  as  to  be  available  for 
detaining  flood  flow.  The  table,  accordingly,  was  arranged  to  show, 
not  only  total  capacity,  but  also  the  portion  reserved  for  flood  control. 
The  cost  per  acre  foot  was  figured  on  the  basis  of  total  storage. 


BTDBAULICB  Of  MIAMI  FLOOD  CONTltOL  PBOJSCT  ^ 


mi 


Mi 


mi 


ll 


I    3    $    I    S    3 


SSC   SnS    I    Si;S33SSilSSt:S 


Sj^D    I    R    !S    S    S    S   S 


If  ^'1  ■  i"  g;  I"  ?  i  I" 


i  I .  .  I  I  I 


Si§§§ilg§s|il$i§ 


'^^'^  asR""  e^  **"  a" 


eSs   t^t^S   S 


^   S   ^   ^   1   1 


|i|iri|l|l|l|lil| 


fl|i.5- 1 1  s  s  I  = 


III   jrSi  I   i  I 


I  B 


50 


HIAMl  COKSBBVAKCT  DIBTBICT 


•8 

I 


e 

I 

I 
1 


•fl 


t 


ud 


s 


t^     ^     ^     eo 


cS      c$      So      CO      CO      S      S 


5  Ml 


s 


CS*OCOt»^OOOQOt»'^CpC0QQ 


3 


O       CO      w 
i-H       u5       »$ 


*-  s 


S    2 


2    S 


CO 


§ 

3 

1 


"1     • 

CO 


N 


^    8    S    g   S    S 

«-H     ^     vH     o     a> 

C^  00        CO        "^ 


9 

t^ 


CO 


»H        C^        ^        iH 


1 


o 


o 


CO        CO        lO 


N       Q 


ii 

t^ 


CO       1-H       c« 


o 


CO 


CO 


CO 


3 


V  U  M 


H 


ri 


O    q3    O 

9  C8  3 


& 
^ 


^ 


HHHHHHH(x)H 


£9 


©3  - 

O^  Q 

«-cp5 


•■w  oa  M      M  ^*3  ^51  ^'s*  ^'si  ^'9  ^'3  ^'s!  ^'S  ^ 

|-|l.s  J  91  si  si  9l  §1  si  S  S  S  J  § 


08  S     'a  ?^*ss  ^st  ^'s*  ^'si  ^'H  ?^*a  ^'s!  ?>*s 

^1^  i"  9^  i^  i^  i^  p^  p^  i" 

^l|l|cS|c!|J|;$|cS|l|cS|cS|^ 


a 

I 

00 


« 


I 


O      'Si 


« 


.9 


I 


Of 


a 
es9 


I 

•35 

w 


I 


I 

o 
« 


-a 


p 


a 

0) 


08 


I 


2    2    S    S5    ?^    gi    S! 


a'  8 


I 

•s  -s 


1 


Si  g$ 


Q 
O 

o 

a 

o 


Pi 

6 

O 


0) 


0) 

en 

OQ 


'     if 


o 

3 

03 

0 
O 

(3 

.d 

OB 

c3 


HTDBAULIC8  OF  MIAMI  FLOOD  CONTBOL  PSOJBCT 


51 


9 


8 


o 
o 

o 
e 


s 


82^saa^'*''^"'*^sgsa 


eo 


a 

Q 

e 


8 


^ 

» 


SB     «*• 


«      -^      1-1      c^      ^ 


C4 


s 


C4     o     e^ 

r^     r^     CO 


s 


8S    SS; 


s 


CO 


O  kQ 

1-1  ^ 


o  »o  lO  -^ 
t^  1-1  ^  w 
^     «     »o     eo 


S       S 


S     S     S         So 

4^ 


v%  ^  ^  ^ 

t*  Q  ^  CO 

C4  QD  Cb  C9 

i-«  CO  »H 


s 


s    s 


e 

o 


I' 


I   i   i   8   8 

CO       00        00        1-1        i-l 
C4 


s  s 


S     2 


^    • 


o 


M 


I 


0» 


w 


o 


N    ^ 


c«      •-• 


00  »H 

1M 
04 


^*.'5S 


2       0 


;?oao 


8 


I 


CO 

o» 


CO 


CO 


00 

s 


coo 

1-1  F^ 

OdO) 


»    »    H    pq    H    (zi 

QQ      QQ      GO      GQ      GQ      od 
fl         "        "        "        '        ' 


^    J?;    ^    ;z;    ;z;    55 


'S 


^1  ^i  ^-a  SS'i  ^-3  S9-S  5S-S  S9-S  SS«    "3  S 


PQ  SPQ  gpQ  gpQ  9pQ 


§31 S  3  .  8 


|J|4|3|i|<5|3|£|i|l|a|2|2|l|Ml^ 


fi 


I  : 


1 


U3 
O         4} 


^     !5  g 

i  I  '  '  ^  '  '  l^ll 


i 

s 

5 


•1     e« 


I 


0) 

.a 

a; 


o 
55 


o 
:3 


O     O 


I  I 


J8 
•s 


•J      "B 


5 


o 


IcOCOCOCQCOCOCO^^^ 


^1  ^^  ^(1 


1 


52 


MIAMI   CONSEBVANCr  DISTBICT 


! 


8 

I 

o 


I 
1 


i 

Q 


H 


nn 


s 


e 

■< 
a 


O 


I 


3 


A 


g 


8 


a 


O 


•09       ado 


g     3 


SS3&3 


I  I  I  I  I  t  i  I  I  » 


1-1     eo 


^  •* 

ss  9 


lM  CO  f-H  «-H 


1-1  CO        fH^^ 


00 


««w  »*w  wv  2ie  ij 
^H  1-1  <~i  S  ^ 
O)       O       Od       w)  0> 


00 

1-1 


04 


O 

•«  *^  *■  mrm 

rt  rt  rt  H  *■      •^      ••      «• 

a  *S  a  ^ 

PQ  PQ  PQ  g 

a  a  a  g.  ^  ^  - 

o*  o*  C«  CQ 


|l|l|s|'  '  '  = 


3 


OQ^SS 


O 

8 

3 

p 

Pi 


I 


§ 


o 


BB  a) 
O  Q) 
P4 


PQ 

T3 


.9 


«> 


III 

OD  d  S  4  ^ 


o 
-* 


S     to 


C^C0"i*»O«0 
lO  kOud  to>o 


d 

o    _ 

o  So 

g  " 


I 


00 


HYDRAULICS   OF   MIAMI  FLOOD  CONTROL   PROJECT  63 

Betarding  basin  development  has  been  chiefly  on  the  smaller 
streams,  as  will  be  seen  by  reference  to  the  size  of  the  drainage  areas 
controlled  by  the  dams,  indicated  in  the  last  column  of  table  2.  For 
the  most  part,  however,  the  dams  are  imits  in  comprehensive  systems 
of  flood  control  of  large  rivers.  Thus,  of  the  21  retarding  basins  on 
the  headwaters  of  the  Oder  Biver,  6  are  in  the  catchment  area  of  one 
stream  in  Bohemia  known  as  the  Oorlitzer  Neisse ;  of  the  9  basins  on 
tributaries  of  the  Elbe  Biver,  5  are  in  the  catchment  area  of  the  Iser 
River. 

The  Pinay  and  LaBoche  dams  built  two  centuries  ago  on  the  Upper 
Loire,  France,  are  quite  crude,  yet  have  justified  their  existence  dur- 
ing the  great  floods  of  1790,  1846,  1856,  1866,  and  1907,  causing  ap- 
preciable reductions  in  the  flood  stage  at  the  city  of  Boanne  situated 
17  miles  below  the  lower  of  the  two  dams.  Their  low  construction  cost 
shown  in  the  table  is  attributable,  in  part,  to  the  favorable  natural 
dam  sites  utilized,  and,  in  part,  to  the  small  labor  costs  that  prevailed 
in  those  early  days. 

COST  OF  RETARDING  BASIN  PLAN  COMPARED  WITH  THAT 

OF  OTHER  PLANS 

The  original  estimate  for  the  adopted  plan,  made  before  costs  had  \ 
advanced  to  their  present  levels,  including  the  river  improvements  in 
the  cities  was  $23,750,000.  The  project  for  protecting  the  entire 
valley  by  means  of  a  comprehensive  channel  improvement  under  the 
same  conditions  would  have  cost  $92,370,000.  Aside  from  the  great 
difference  in  the  cost  of  these  two  projects,  it  is  important  to  note  that 
the  latter  plan  was  designed  to  protect  against  floods  not  larger  than 
that  of  1913,  while  the  adopted  plan  furnishes  protection  against 
floods  40  per  cent  greater,  and  that  the  maintenance  of  a  channel 
improvement  system  would  have  been  a  very  serious  burden. 

A  project  for  improving  the  river  channels  in  the  cities  only,  to 
take  care  of  a  flood  flow  equal  to  that  of  1913,  would  have  cost  $45,- 
750,000,  of  which  $23,630,000  alone  would  have  been  required  to  pro- 
tect Dayton.  This  latter  item  approaches  closely  the  cost  of  the  entire 
adopted  plan. 

A  comparison  of  the  cost  of  a  system  of  numerous  small  retarding 
basins  above  Dayton,  such  as  is  described  in  chapter  XIII,  with  the 
cost  of  the  four  large  retarding  basins  above  Dayton  shows  a  differ- 
ence in  favor  of  the  latter  of  $6,500,000,  in  addition  to  which  the  re- 
liability of  the  protection  furnished  by  the  large  basins  is  by  far 
superior  to  that  of  the  numerous  small  basins. 

All  of  the  figures  here  given  cover  first  cost  of  construction,  includ- 
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ing  real  estate  and  administrative  costs.  Annual  operation  and  main- 
tenance costs  have,  so  far,  not  been  mentioned.  These  would  be  large 
items  in  the  case  of  the  channel  improvement  schemes,  while  for  the 
adopted  plan  such  charges  will  be  light.  The  retarding  dams  having 
no  movable  parts,  and  b^ing  constructed  in  a  most  substantial  manner 
of  earth  and  concrete,  will  be  subject  to  little  deterioration.    The  im- 
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FIG.  9.— LOCATION  OP   RETABDING  BASINS   IN   MIAMI   VALLEY. 

The  map  shows  only  the  portion  of  the  Miami  Biver  watershed  above  the 
mouth  of  Whitewater  Biver.  In  order  to  bring  out  the  retarding  basins  clearly 
they  are  shown  like  lakes,  although  in  operation  they  will  rarelj  if  ever  be  filled 
with  water  to  the  extent  shown. 
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proved  chaimelB  in  the  cities,  during  floods,  will  be  called  upon  to  take 
care  only  of  the  water  discharged  by  the  retarding  basins.  They  will 
not  be  exposed  therefore  to  the  full  force  of  the  flood  flows  as  in  the 
case  of  the  other  channel  projects.  Tet  even  the  maintenaoce  of  these 
moderate  channel  improvements  probably  will  be  more  expensive  than 
the  maintenance  of  all  the  dams  and  retarding  basins. 

DESCRIPTION  OF  MIAMI  VALLEY 

To  gain  a  clear  conception  of  the  plan  of  protection  as  adopted,  a 
knowledge  of  the  physiographic  conditions  of  the  Miami  Valley  is 
essential.  Figure  9  shows  that  portion  of  the  drainage  basin  of  the 
Miami  Biver  with  which  we  are  here  concerned.  The  Whitewater 
Biver,  an  important  tribntary  entering  the  Miami  near  its  mouth  and 
draining  a  portion  of  Indiana,  is  not  shown  entirely  became  it  is 
scarcely  affected  by  the  works  of  the  Miami  Conservancy  District. 
The  Miami  Biver  is  about  163  miles  in  length.  Its  drainage  basin 
measures  aboat  120  miles  on  the  longest  axis  and  covers  about  4000 
aqnare  miles,  including  parts  of  15  counties.  In  outline  it  resembles 
the  left  half  of  an  oak  leaf  of  which  the  midrib  along  the  eastern  mar- 
gin and  the  veins  represent  the  main  river  and  tributaries.  The  more 
important  of  the  latter,  following  northward  np  the  west  side  of  the 
Uiami,  are:  Indian  Creek,  emptying  a  few  miles  below  Hamilton; 
Four-Mile  Creek,  a  flashy  stream  entering  just  above  Hamilton ;  and 
Twin  Creek  with  its  ontlet  just  below  Franklin;  four  streams,  the 
Miami,  Mad,  Stillwater  Rivers,  and  Wolf  Creek  unite  within  the  city 


PIG.  10.— IDEALIZED  GEOLOGICAL  SECTION  ACSOSS  MIAMI  VALUIT. 

moBtratdng  kow  Und  aorfaM  was  changed  b;  glacial  actioii,  the  hillB  diown  b7 

dotted  oatline  b«iug  worn  down  and  the  vaUsys  filled  up. 

limits  of  Dayton;  and  just  above  Piqua,  27  miles  north  of  Dayton,  the 
Miami  is  joined  by  Loramie  Creek. 

The  valley  is  a  nearly  flat  plain  fifty  to  two  hundred  feet  below  the 
general  elevation  of  the  adjacent  rolling  country,  which  ranges  from 
1100  feet  above  sea  level  at  the  headwaters  to  less  than  800  feet  near 
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the  mouth  of  the  Miami.    The  drainage  areas  of  the  principal  streams 
are  shown  in  table  I  of  the  Appendix. 

Except  for  its  southernmost  portion  the  entire  basin  bears  evi- 
dence of  having  been  covered  by  the  ice  sheet  during  the  glacial  period. 
The  preglacial  valleys  carved  into  the  limestone  formation  and  the 
crests  of  the  preglacial  hills  have  been  almost  entirely  obliterated  by 
the  glacial  action,  (see  figure  10) .  The  Miami  River  and  its  principal 
tributaries  flow  in  the  partially  filled  valleys,  in  comparatively  insig- 
nificant channels.  The  natural  tendency  of  these  streams  is  to 
meander  back  and  forth  over  the  valley,  slowly  but  persistently  shift- 
ing and  adjusting  their  channels.  This  process,  so  inimical  to  the 
interests  of  man,  can  be  controlled  only  by  carefully  planned  engi- 
neering works. 

Table  II  of  the  Appendix  shows  the  fall  of  the  various  streams  of 
the  basin  as  determined  from  the  United  States  Geological  Survey 
topographic  maps.    The  Miami  has  a  drop  per  mile  of  about  2  feet  in 
the  flat  uplands,  and  of  3.3  feet  for  the  major  part  of  itfs  c^ourse. 
Stillwater  and  Mad  Rivers  are  much  steeper,  the  former  sloping  more 
than  4  feet  and  the  latter  about  6  feet  per  mile.    Figures  11  and  12 
show  profiles  of  beds  of  the  principal  streams,  and  also  show  by  means 
of  dotted  lines  the  high  water  lines  of  the  March  1913  flood.    The 
rolling  topography,  together  with  the  fan  shaped  arrangement  of  the 
larger  tributaries,  presents  a  singularly  favorable  combination  for 
quick  collection  of  storm  runoff  and  the  formation  of  high  flood  crests. 
Most  of  the  tributaries  are  flashy.  Mad  River,  Twin  Creek,  and  Four- 
Mile  Creek  being  noted  for  the  suddenness  with  which  they  rise  and 
the  short  duration  of  their  flood  stages.    Floods  in  the  main  stream 
rarely  last  more  than  a  few  days.    During  the  great  flood  of  March 
1913  the  rainfall  lasted  5  days,  the  highwater  period  8  days,  and  the 
danger  stage  2%  days.*    As  has  been  shown  in  the  preceding  chap- 
ters, the  maximum  discharge  was  from  two  to  four  times  as  great  as 
the  channels  through  the  cities  could  carry,  and  about  10  times  as 
great  as  the  channel  capacity  outside  the  cities. 

The  fact  that  the  principal  cities  in  the  Miami  basin  are  located 
for  the  most  part  on  the  bottom  lands  along  the  rivers,  accounts  for 
the  enormous  damage,  estimated  at  over^lOO  million  dollars^  .that  was 
caused  by  the  great  flood.  Table  VI  of  the  Appendix  shows  their 
populations  and  elevations.  Of  these  cities  Dayton  is  the  largest,  and, 
because  of  its  exposed  position,  was  particularly  in  need  of  protec- 
tion.   Hamilton,  the  next  largest  city,  suffered  even  more  heavily  in 

*  The  danger  stage  at  Dayton  has  been  fixed  by  the  Weather  Bureau  at  18 
feet  on  the  Main  Street  bridge  gage. 
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proportion  by  the  flood  and  presented  a  by  no  means  simple  problem. 
Lesser  problems  presented  themselves  at  Troy,  Miamisburg,  Franklin, 
Piqua,  Middletown,  and  West  Carrollton. 

On  the  Upper  Miami  and  on  Loramie  Creek,  are  two  small  reser- 
voirs, the  Lewistown  and  Loramie,  built  many  years  ago  by  the  State 
of  Ohio  for  storing  water  needed  in  the  operation  of  the  Miami  and 
Erie  Canal.  They  control  small  drainage  areas,  and  although  their 
effect  on  flood  flow  was  taken  into  consideration,  it  was  found  to  be 
almost  negligible.  The  canal  extends  down  the  valley  to  Hamilton 
where  it  turns  southeasterly  connecting  with  the  Ohio  River  at  Cin- 
cinnati. It  is  no  longer  navigated  but  is  still  used  in  a  limited  way 
for  water  supply  and  power. 

PRINCIPAL  FEATURES  OF  PLAN  ADOPTED 

The  plan  of  flood  control  which  was  officially  adopted  by  the 
Board  of  Directors*  and  received  the  approval  of  the  Conservancy 
Court  on  November  24,  1916  is  here  outlined  in  brief,  the  five  retard- 
ing basins  being  taken  up  first  and  the  local  channel  improvements 
^  next. 

GENERAL  DESCRIPTION  OF  DAMS  AND  APPURTENANCES 

While  the  protective  works  at  the  various  towns  and  cities  differ 
materially  according  to  the  particular  conditions  existing  in  each 
locality,  the  dams  and  their  appurtenances  are  more  nearly  similar. 
The  bodies  of  all  of  the  dams  are  of  compacted  earth,  in  cross  section 
as  indicated  in  figure  13,  which  shows  the  standard  design  adopted. 
The  diagram  shows  a  theoretically  level  crest  25  feet  wide,  but  in 
actual  construction  this  will  be  given  a  slightly  rounded  form  to  pro- 

*  In  accordance  with  the  provisions  of  the  Conservancy  Act  of  Ohio,  which 
required  a  plan  to  be  prepared  to  "include  such  maps,  profiles,  plans,  and  other 
data  and  descriptions  as  may  be  necessary  to  set  forth  properly  the  location  and 
character  of  the  work,  and  of  the  property  benefited  or  tc&en  or  damaged,  with 
estimates  of  cost  and  specifications  for  doing  the  work,"  the  Chief  Engineer  of 
the  Miami  Conservancy  District,  under  date  of  February  29,  1916,  submitted  such 
a  plan  of  protection  in  the  form  of  a  report  entitled  Beport  of  the  Chief  Engineer. 
It  consisted  of  3  Volumes  of  printed  matter  of  about  200  pages  each,  accompanied 
by  408  drawings.  Volume  I  contained  a  synopsis  of  the  data  on  which  the  plan 
is  based,  a  description  of  its  development,  and  a  statement  of  the  plan  in  detail. 
Volume  II  contained  a  legal  description  of  all  lands  affected  by  the  plan.  Volume 
III  contained  the  contract  forms,  specifications,  and  estimates  of  quantities  and 
cost.  After  various  slight  modifications  the  Beport  of  the  Chief  Engineer  was 
adopted  by  the  Board  of  Directors  as  the  Official  Plan  of  the  District,  and  was 
republished  in  May  1916  under  that  title. 

Many  of  the  technical  studies  mentioned  in  the  Official  Plan  volumes,  particu- 
larly those  of  special  interest  to  engineers,  have  been  published  in  detail  in  the 
Technical  Beports  series. 
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vide  for  a  30-foot  roadway.  The  variable  slopes  are  a  feature  of  the 
design.  These  are :  2  to  1  for  the  upper  20  feet  of  dam ;  2^  to  1  for 
the  next  30  feet ;  3  to  1  for  the  30  feet  below  that ;  4  to  1  f or^  the  re- 
maining portion  down  td  an  elevation  near  the  toe;  and  in  the  old 
river  bed  a  slope  of  10  to  1.  Some  of  the  dams  are  less  than  80  feet 
in  maximum  height,  and  therefore  do  not  possess  the  4  to  1  slopes.  At 
each  change  of  slope  the  faces  are  provided  with  level  berms  10  feet 
in  width.  These  berms  are  intended  primarily  to  break  the  flow  of 
rain  water  down  the  face  of  the  dam,  there  being  gutters  on  the  berm 
for  that  purpose,  except  where  the  entire  surface  is  paved  with  rock. 
They  serve  also  as  roadways  facilitating  inspection  and  maintenance. 

It  will  be  noted  that  the  cross  sections  of  the  dams  are  exception- 
ally heavy.  Because  of  their  being  built  in  a  densely  populated  valley, 
and  in  order  to  relieve  the  public  mind  of  any  apprehension  a^  to 
their  possible  failure,  the  dams  were  purposely  designed  so  massive 
as  to  insure  safety  beyond  any  doubt.  Watertightness  is  obtained  by 
making  the  interior  portion  of  each  dam  of  carefully  selected  and 
puddled  materials,  and  extending  these  down  some  distance  into  the 
underlying  gravels  by  means  of  a  cutoff  trench  to  prevent  seepage 
underneath  the  fills.  The  outer  portions  are  made  up  of  coarse  sands 
and  gravels  which  protect  the  watertight  core,  and  insure  proper 
drainage  for  the  entire  structure.  The  outer  surfaces  are  covered 
with  fertile  soil  and  planted  to  blue  grass  which  in  this  region  forms 
a  dense  sod. 

The  necessity  for  building  the  dams  of  earth  arose  from  the  fact 
that  the  solid  rock  formations  which  underlie  the  glacial  gravels  are 
at  places  so  deep  under  the  surface  as  to  make  their  economic  use  as  j 
concrete  dam  foundations  utterly  impracticable.  Systematically  con- 
ducted borings,  made  during  the  investigation  period,  indicated  those 
areas  at  the  damsites  where  solid  rock  was  near  the  surface,  and  these 
were  taken  advantage  of  to  serve  as  foundations  for  the  concrete  out- 
let structures.  The  conditions  at  the  Germantown  damsite  are  illus- 
trated in  figure  14. 

The  openings  or  outlets  for  passing  the  river  flow  through  the 
dams  are  of  two  types.  That  used  at  the  Lockington,  Taylorsville, 
and  Huffman  dams  consists  essentially  of  a  section  of  dam  o£  the 
gravity  type  built  of  massive  concrete,  perforated  by  large  tunnel 
shaped  openings  at  the  base,  and  flanked  by  heavy  retaining  walls 
against  which  the  earthwork  of  the  dam  proper  abuts.  This  concrete 
section  has  a  rounded  crest  to  serve  as  a  spillway,  15  feet  lower  than 
the  top  of  the  earth  dam.  The  down  stream  face  is  of  ogee  shape,  so 
designed  that  water  spilling  over  the  crest  will  be  discharged  into  the 
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same  channel  into  which  the  outlet  openings  discharge.  This  type  of 
combined  spillway  and  outlets  is  illustrated  in  figure  15  showing  the 
general  plan  of  the  Huffman  dam  and  its  outlet  structures.  For  the 
two  highest  dams,  those  at  Germantown  and  Englewood,  this  type  of 
construction  was  not  economical,  and  the  outlets  were  built  in  the 
form  of  twin  conduits  piercing  the  base  of  the  earth  dam,  (see  figure 
16,  showing  the  Germantown  dam  and  outlet  structures)  and  resting 
on  rock  foundation  over  their  entire  length.  The  spillway  in  such 
case  was  made  a  separate  structure.  Two  conduits  rather  than  one 
are  provided  in  order  to  facilitate  inspection,  maintenance,  and  repairs. 

There  are  no  gates  at  the  outlet  openings,  the  outflow  from  any 
basin  being  controlled  solely  by  the  fixed  size  of  the  orifices.  The  dis- 
charge through  the  latter  varies,  therefore,  depending  upon  the  depth 
of  water  above  the  dam.  The  considerations  entering  into  the  design 
of  the  outlets  represent  one  of  the  most  interesting  features  of  the 
engineering  work  of  the  District,  and  are  set  forth  in  detail  in  chap- 
ter VI. 

Immediately  below  the  outlets  is  an  expanding  channel  which  leads 
the  issuing  water  into  a  stilling  basin.  While  ordinarily  the  velocity 
of  flow  through  the  outlet  openings  is  approximately  the  same  as  in 
the  river  channel  above  and  below  the  dams,  during  floods  the  out- 
flow, being  under  head,  will  attain  velocities  so  high  that  if  unchecked 
it  would  erode  the  river  channel  below  the  dam.  Erosion  of  the  river 
bed  was  not  considered  permissible,  as  it  might  lead  eventually  to 
undermining  the  adjacent  toes  of  the  earth  structure.  It  was  de- 
sirable, therefore,  to  provide  automatic  means  for  destroying  the 
kinetic  energy  of  the  outflowing  water.  In  view  of  the  high  velocities 
and  large  volumes  involved  this  problem  was  by  no  means  simple  of 
solution.  At  the  Taylorsville  dam,  for  instance,  the  joint  discharge 
from  the  four  openings,  with  retarding  basin  full,  will  amount  to  more 
than  50,000  second  feet,  moving  with  an  average  velocity  of  nearly  50 
feet  per  second.  At  the  other  dams  the  quantities  are  less  but  the 
velocities  are  quite  as  high. 

The  stilling  pool  embodies  many  features  that  are  novel,  its  basic 
principle  of  operation  being  what  is  known  as  the  ** hydraulic  jump." 
This  has  been  worked  out  to  act  with  equal  eflBciency  for  high  as  well 
as  for  moderate  flood  discharges,  the  water  in  every  instance  being 
delivered  into  the  river  channel  below  under  velocities  approximating 
those  of  the  natural  river  flow  under  like  conditions.  The  utilization 
of  the  hydraulic  jump  for  this  purpose  was  previously  made  the  sub- 
ject of  elaborate  experiments  by  the  engineers  of  the  District.  A  full 
description  of  these,  together  with  an  explanation  of  the  theory  of  thr 
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hydraulic  jump^  is  published  in  another  volume  of  the  Technical 
Reports/  and  is  not,  therefore,  reviewed  in  these  pages. 

In  table  VII  of  the  Appendix  are  given  the  principal  dimensions 
of  the  retarding  basins,  dams,  and  outlet  works.  For  a  detailed  de- 
scription of  the  manner  in  which  the  various  parts  were  proportioned 
with  respect  to  each  other,  the  reader  is  referred  to  chapters  IV 
and  VIII.  Data  regarding  the  conditions  in  the  retarding  basins 
for  floods  of  various  sizes  will  be  found  in  the  Appendix  taibles. 

Germantown  Retarding  Basin 

The  Germantown  basin,  figure  39,  located  on  Twin  Creek  two  miles 
west  of  Germantown,  reduces  the  flood  flow  of  the  Miami  River  at  the 
cities  of  Middletown  and  Hamilton.  The  reduction  so  effected  greatly 
reduces  the  cost  of  the  necessary  local  protection  work  at  these  cities. 
Like  the  Englewood  site  on  Stillwater  River  this  basin  site  is  capable 
of  controlling  a  flood  flow  vastly  in  excess  of  the  maximum  consid- 
ered possible.  The  creek  flows  through  a  narrow  valley  which  affords 
excellent  dam  sites.  The  dam,  which  has  a  height  of  100  feet  above 
the  valley  floor,  is  notable  for  its  short  crest  1210  feet  long.  It  con- 
tains 865,000  cubic  yards  of  earth,  or  less  than  any  other  of  the  Con- 
servancy dams. 

In  case  of  a  storm  like  that  of  March  1913,  this  basin  will  reduce 
the  maximum  flow  of  Twin  Creek  from  66,000  second  feet  to  9340 
second  feet.  At  its  highest  stage  in  such  a  flood  the  basin  will  hold 
73,000  acre  feet,  spread  out  over  2950  acres  of  land.  Since  2045  acres 
within  the  basin  were  actually  flooded  in  1913,  when  there  was  no 
dam,  the  additional  area  needed  for  the  operation  of  the  basin  is  only 
905  acres.  In  7^  days  after  the  highest  stage  the  basin  will  again 
be  empty. 

No  railroads  or  towns  are  located  in  the  basin,  and  the  only  addi- 
tional works  required  consist  of  two  miles  of  highway  construction. 

Englewood  Retarding  Basin 

The  Englewood  dam  is  on  Stillwater  River  about  ten  miles  north- 
west of  Dayton  and  one  mile  southeast  of  the  village  of  Englewood. 
With  a  height  of  110.5  feet  above  the  valley  floor  and  a  mas^  of 
3,500,000  cubic  yards  of  earth  and  gravel,  this  dam  is  by  far  the 
largest  built  by  the  District.  In  case  of  a  flood  like  that  of  March 
1913  the  Englewood  basin  will  reduce  the  crest  discharge  from  85,400 

•  Hydraulie  Jump  and  Backwater  Curves,  by  8.  M.  Woodward,  R.  M.  Kie^el, 
and  J.  C.  Beebe.  Technical  Reports,  Part  III,  The  Miami  Conservancy  District. 
Dayton,  Ohio,  1917. 
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second  feet  to  11,000  second  feet,  and  will  hold  back  about  209,000 
acre  feet  of  water  spread  over  6350  acres  of  land.  Since  3285  acres 
of  this  area  were  actually  flooded  in  March  1913  the  additional  area 
required  by  the  building  of  the  dam  will  be  3065  acres.  In  23  days 
after  reaching  its  maximum  stage  during  such  a  flood  the  basin  will 
be  empty. 

In  many  ways  the  Englewood  basin,  flgure  40,  is  the  most  favorably 
situated  of  the  five.  There  were  no  railroads  or  towns  in  the  Still- 
water  Valley  to  interfere  materially  with  its  construction  or  opera- 
tion; the  only  limiting  condition  was  that  the  outlet  conduits  be  of 
.sufficient  size  to  empty  the  basin  in  a  reasonable  time  after  being 
filled  by  a  flood,  so  that  the  agricultural  land  above  the  dam  would  be 
relieved  of  water  as  soon  as  would  be  feasible,  and  also  in  order  to 
supply  capacity  for  a  possible  second  flood  immediately  following  the 
first.  The  configuration  of  the  basin  and  its  damsite  are  such  that  a 
dam  could  have  been  built  there  high  enough  to  control  floods  much 
larger  than  the  maximum  considered  possible. 

Highways  are  required  aggregating  four  miles,  to  maintain  com- 
munication when  the  basin  is  fllled. 

Loddngton  Retarding  Basin 

To  assist  in  providing  adequate  channel  capacities  for  the  Miami 
River  through  the  cities  of  Piqua  and  Troy,  it  was  desirable  to  pro- 
vide a  retarding  basin  above  these  cities.  A  number  of  sites  were  sur- 
veyed and  considered  before  the  one  on  Loramie  Creek  at  Lockington 
was  decided  upon,  see  map  in  figure  41.  Although  the  valley  at  this 
point  is  wide,  the  foundation  which  it  afforded  for  the  construction 
of  a  dam  is  perhaps  better  than  at  any  other  damsite;  the  basin 
capacity,  moreover,  is  of  sufiScient  size  to  control  the  entire  flood  flow 
of  the  creek.  The  basin  will  benefit  to  some  extent  the  entire  valley 
below,  but  the  principal  effect  will  be  at  Piqua  and  Troy.  It  wtll 
reduce  a  fiood  discharge  from  Loramie  Creek  equal  to  that  of  1913, 
from  33,000  second  feet  to  8600  cubic  feet  per  second.  Even  with 
this  reduced  discharge,  extensive  improvements  in  the  channel  at 
Piqua  and  Troy  are  necessary  in  order  to  insure  safety  against  the 
maximum  possible  fiood. 

The  dam  is  located  half  a  mile  northwest  of  Lockington  and  four 
miles  north  of  Piqua.  It  is  a  massive  earth  dam  with  concrete  outlet 
and  spillway  structure,  and  has  a  maximum  height  above  the  valley 
floor  of  69  feet.  In  case  of  a  storm  like  that  of  March  1913  this  basin 
will  hold  63,000  acre-feet  of  water,  covering  3600  acres  of  land.  Since 
3240  acres  of  this  area  were  actually  flooded  in  March  1913,  the  addi- 
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tional  area  required  for  the  operation  of  the  basin  is  only  10  per  cent 
more  than  that  covered  in  1913.  In  7  days  after  reaching  its  maxi- 
mum stage  during  such  a  flood  the  basin  will  be  empty. 

The  Lockington  basin  requires  the  construction  of  six  miles  of 
highways,  but  does  not  interfere  seriously  with  railroads.  The  main 
line  of  the  Cleveland,  Cincinnati,  Chicago  &  St.  Louis  Railway  from 
Cleveland  to  St.  Louis  is  3  feet  below  spillway  elevation  for  a  distance 
of  about  half  a  mile. 

Taylorsville  Retarding  Basin 

The  Taylorsville  dam  crosses  the  Miami  River  valley  about  eight 
miles  north  of  the  city  of  Dayton,  and  creates  a  basin  with  a  capacity 
second  only  to  that  at  Englewood.  It  is  the  largest  of  all  the  basins 
in  point  of  acreage.  A  map  of  the  basin  is  shown  in  figure  42L  A 
flood  of  the  size  of  that  of  March  1913  will  cover  9650  acres.  '  Of  this 
area  6700  acres  were  actually  flooded  in  1913  before  any  dam  was 
built;  the  additional  area  required  for  the  operation  of  the  basin  is, 
therefore,  2950  acres.  It  will  reduce  a  flood  like  that  of  1913  from 
106,400  second  feet  to  about  51,300  second  feet.  In  4V^  days  after 
reaching  its  maximum  stage  during  such  a  storm  the  basin  will  be 
empty,  the  rapid  discharge  being  due  to  the  ample  outlet  capacity 
provided,  which  is  larger  than  at  any  other  of  the  dams.  The  Tay- 
lorsville dam  is  of  earth,  67  feet  high  above  the  valley  floor,  and  con- 
tains approximately  1,235,000  cubic  yards.  The  height  of  the  dam 
was  limited  by  the  proximity  of  the  city  of  Troy  to  the  upper  edge 
of  the  basin.  A  higher  dam  would  have  increased  the  opposition  in 
that  city  due  to  fear  of  being  flooded  by  backwater.  Under  the  plan 
as  adopted,  it  was  decided  to  build  a  levee  along  the  east  side  of  the 
town  of  Tippecanoe  to  protect  against  flooding  by  backwater  from 
the  basin  during  extreme  floods,  as  described  on  another  page. 

The  construction  of  this  basin  made  necessary  the  removal  to 
higher  ground  of  9.9  miles  of  the  Baltimore  &  Ohio  Railroad  tracks, 
the  old  location  of  which  was  within  the  basin  contour  for  a  distance 
of  2  miles.  About  five  miles  of  new  highways  are  required  to  main- 
tain communication  when  the  basin  is  filled. 

Huffman  Retarding  Basin 

The  Huflfman  dam  to  control  the  flood  flow  of  Mad  River  is  located 
3ix,  miles  above  the  mouth  of  the  river,  its  southern  abutment  resting 
against  Huflinian  Hill.  The  dam  is  65  feet  high  above  the  valley  floor 
and  contains  1,655,000  cubic  yards  of  earth.    In  case  of  a  storm  like 
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that  of  March  1913,  this  basin  will  reduce  the  maximum  flow  from 
78,300  second  feet  to  32,600  second'  feet.  At  highest  stage  it  will  hold 
124,000  acre  feet  of  water  spread  over  7300  acres  of  land.  This  is 
3880  acres  more  than  were  actually  flooded  within  the  basin  in  1913, 
before  any  dam  was  built.  In  5  days  after  reaching  the  maximum 
stage,  the  basin  will  be  empty. 

The  Huffman  site,  see  map  in  figure  43,  though  physically  well 
adapted  for  retarding  basin  purposes,  presented  a  number  of  disad- 
vantages. The  main  line  of  the  Erie  Railroad,  and  that  of  the  Cleve- 
land, Cincinnati,  Chicago  &  St.  Louis  Railroad,  had  to  be  removed  to 
higher  ground,  requiring  a  change  of  location  in  each  instance  of 
about  15  miles;  and  the  Ohio  Electric  Railway  tracks  likewise  re- 
quired relocating  for  a  distance  of  about  10  miles.  All  property  in 
the  village  of  Osbom,  a  community  of  about  1200  people,  situated  ap- 
proximately in  the  middle  of  the  basin,  had  to  be  purchased  in  order 
to  make  removal  possible.  Through  a  special  agreement,  the  property 
holders  in  Fairfield  will  receive  compensation  for  actual  damage  sus- 
tained should  damage  occur  from  flooding  from  the  basin.  About  4^/2 
miles  of  new  roads  are  required  in  order  to  replace  the  roads  that  will 
be  flooded  when  the  basin  is  filled,  and  on  account  of  changes  made 
necessary  by  the  relocation  of  the  railroads. 

GENERAL  DESCRIPTION  OF  LOCAL  PROTECTION  WORKS 

As  before  stated  the  construction  of  the.  retarding  basins  makes 
possible  without  undue  cost  adequate  river  channel  improvement 
through  the  cities  of  the  valley  for  the  care  of  the  reduced  flood  flow. 
At  most  points  in  the  valley  the  retarding  basin  control  has  permitted 
channel  changes  to  be  confined  to  moderate  limits  except  at  Hamilton 
where  at  some  points  a  channel  widening  of  300  feet  is  required  in- 
volving considerable  property  damage.  Some  improvement  in  the 
river  channel,  in  order  to  give  the  standard  degree  of  protection,  is 
required  at  Piqua,  Troy,  Dayton,  West  CarroUton,  Miamisburg, 
Franklin,  Middletown,  and  Hamilton.  As  noted  in  connection  with 
the  description  of  the  Taylorsville  retarding  basin,  local  protection 
work  is  required  at  Tippecanoe  City  to  protect  this  village  against 
back  water  from  the  basin. 

Three  types  of  protection  work  are  required  in  the  cities  and  vil- 
lages: First,  that  in  which  channel  excavation  is  the  essential  or  most 
prominent  feature,  as  at  Hamilton  and  Dayton;  second,  that  in  which 
the  work  is  almost  entirely  confined  to  levee  construction,  as  at  West 
CarroUton,  Miamisburg,  Franklin  and  Middletown ;  and  third,  a  com- 
bination of  these  two  features  in  about  equal  proportions.    The  latter 
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is  the  case  at  Troy  and  Piqua.  Where  an  increase  in  capacity  of  the 
river  channel  was  required,  it  has  been  obtained  in  several  ways:  by 
widening  and  deepening  the  channel  by  excavation,  by  constructing 
levees,  by  improving  the  alignment  and  cross  section  of  the  channel, 
by  developing  greater  capacity  under  bridges  through  their  raising 
and  lengthening,  and  by  clearing  trees  and  other  obstructions  from 
the  channel. 

^  Channel  improvement,  by  nearly  all  of  these  methods,  leads  to  in- 

creased velocity  of  the  river  flow.  To  prevent  subsequent  erosion  of 
the  bed  and  banks,  protection  work  has  been  designed  for  points  along 
the  channel  where  the  velocities  are  particularly  high,  or  where  the 
direction  of  flow  is  toward  the  bank,  and  also  where,  because  of  the 
nature  of  the  property  involved,  erosion  would  be  particularly  serious. 
I  On  J.evee^  slopes  a  concrete  facing  6  inch'es  thick,  reinforced  with  wire 
mesh,  is  used.  The  concrete  is  laid  in  slabs  approximately  8  feet  by 
12  feet,  with  expansion  joints.  To  obviate  the  glaring  effect  which 
might  be  produced  by  a  large  expanse  of  concrete  jw^tfiaent,  a  small 
amount  of  lamp  black  is  added  to  the  cement  to  darken  the  color. 

As  a  rule,  for  protection  against  erosion,  dependence  is  placed 
upon  the  holding  power  of  a  well  sodded  bank.  Both  river  banks  and 
levee  surfaces,  where  not  otherwise  protected,  are  covered  with  a  layer 
of  loam  and  seeded  with  blue  grass.  At  susceptible  points,  such  as 
the  outside  of  the  bends  of  curved  channels,  concrete  revetment  is 
used  to  a  vertical  height  of  about  6  feet  above  the  foot  of  the  bank. 
To  protect  the  bed  at  the  foot  of  the  bank  a  flexible  slab  revetment  is 
used.  This  is  a  mat  made  of  blocks,  each  12  inches  by  24  inches  by  5 
inches  thick,  tied  together  by  galvanized  iron  wire  rope.  This  mat  is 
anchored  to  a  concrete  wall  built  at  the  foot  of  the  slope  on  timber 
piles.  At  the  outer  edge  of  the  mat  a  larger  concrete  block  is  cast  in 
place.  The  small  blocks  composing  the  mat  were  cast  at  a  central 
plant. 

In  cross  section  the  standard  river  channel  has  a  depressed  bottom 
whose  width  is  about  one-fourth  of  the  width  of  the  entire  channel 
and  whose  elevation  is  8  feet  lower  than  the  elevation  of  the  foot  of 
the  banks.  This  depressed  bottom  is  located  in  the  center  of  the 
channel  where  the  latter  is  straight,  and  near  the  outside  of  the  bends 
in  curved  channels.  In  such  a  winding  channel  as  that  at  Dayton, 
the  depressed  bottom  swings  from  side  to  side  as  the  curvature  is  re- 
versed. Where  space  is  available  a  berm  30  or  more  feet  wide  is  left 
between  the  top  of  the  channel  bank  and  the  base  of  the  levee.  At 
restricted  points  the  excavated  bank  of  the  channel  continues  upward 
as  the  slope  of  the  levee.    The  standard  levee  is  8  feet  wide  on  top. 
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For  the  first  8  feet  from  the  top  it  has  slopes  of  2  feet  horizontally  to 
one  vertically,  for  the  next  10  feet,  2i/^  to  1  slopes,  and  for  the  third 
10  feet,  3  to  1  slopes.  It  has  been  rarely  necessary  to  constraet  levees 
over  15  feet  in  height. 

One  of  the  advantages  reaped  from  using  the  retarding  basin  plan 
is  the  elimination  of  wholesale  bridge  reconstruction  which  would 
have  been  required  under  any  plan  of  channel  improvement  without 
basins.  In  comparatively  few  cases  it  has  been  necessary  to  provide  a 
moderate  enlargement  of  the  channels  by  raising  or  lengthening  of 
the  bridges.  In  other  cases,  particularly  at  Dayton,  it  has  been  suf- 
ficient to  utilize  the  full  area  under  the  bridges.  At  this  city  several 
of  the  bridges  were  located  below  curves  in  the  channel  or  beloiw 
projecting  banks  which  tended  to  deflect  the  flow  away  from  a  con- 
siderable section  of  the  bridge  opening.  A  prominent  feature  in  the 
Dayton  channel  works  has  been  the  reduction  of  these  projections. 
Incident  to  this  work  there  has  been  included  at  several  cities  a  pro- 
tection against  dangerous  scour  by  placing  steel  sheet  piling  across 
the  channel  immediately  below  the  bridges.  The  principal  features  in 
the  local  protection  at  each  of  the  towns  are  described  as  follows : 

Local  Protection  at  Piqua 

The  maximum  discharge  during  the  flood  of  1913  is  estimated  at 
70,000  second  feet.  The  Lockington  retarding  basin  on  Loramie 
Creek  will  reduce  the  flood  flow  so  that  the  quantity  to  be  cared  for  at 
Piqua  with  the  margin  of  safety  provided  in  the  Official  Plan  flood 
will  be  81,000  second  feet.  After  the  1913  flood  a  certain  amount  of 
work  was  done  by  the  Commissioners  of  Miami  County  in  constructing 
and  repairing  leveeS;  and  in  removing  obstructions,  but  this  work  was 
wholly  insufficient  as  a  protection  against  a  repetition  of  the  1913 
flood.  The  general  nature  of  the  protection  work  at  Piqua  covered  by 
the  Official  Plan  of  the  District,  is  shown  in  figure  17. 

The  protection  consists  of  a  combination  of  levee  construction  and 
channel  enlargement,  but  the  enlargement  is  confined  practically  to 
the  amount  necessary  to  supply  material  for  the  levee  embankments. 
At  the  lower  end  of  the  city  the  river  bed  is  of  rock.  Although  af- 
fecting the  cost  of  the  work  to  some  extent,  the  amount  of  rock  to  be 
removed  is  not  a  serious  item.  The  Miami  and  Erie  Canal  where  it 
passes  through  the  city  has  been  practically  abandoned  for  all  uses. 
For  this  reason  the  levee  at  the  upper  end  has  been  located  on  the  site 
of  the  canal,  a  line  of  36-inch  conduit  being  provided  to  care  for  the 
small  amount  of  water  flowing  in  the  canal.  A  portion  of  the  land 
occupied  by  the  canal  will  be  available  for  the  widening  of  River 
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Street  which,  although  having  a  rather  heavy  traffic,  is  a  particularly 
narrow  street.  The  river,  at  Piqua,  makes  a  long  loop  around  the  low 
eastern  part  of  the  city.  A  levee  is  provided  for  around  this  loop,  fol- 
lowing the  general  line  of  the  existing  levee,  it  being  impracticable  to 
construct  a  cutoff  channel  to  avoid  the  detour  of  the  river.  The  new 
levee  is  from  four  to  eight  feet  higher  than  the  old  one  and  is  in 
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FIG.  17.— MAP  OF  PIQUA,  OHIO,  SHOWING  LOCAL  FLOOD  PROTECTION 

WORKS. 


places  19  feet  high.  Below  the  loop,  the  levee  south  of  the  Pennsyl- 
vania Railroad  built  by  the  County  to  protect  East  Piqua,  is  to  be 
raised  to  give  adequate  protection.  This  levee  extends  far  enough 
south  to  protect  the  residential  property,  but  does  not  include  the 
marble  quarries. 

The  new  Pennsylvania  Railroad  bridge  and  the  new  Union  Street 
bridge  have  suflBcient  water  way  for  the  river  at  time  of  flood.  It  was 
found  necessary  for  the  Main  Street  bridge  to  be  raised  3  feet  to 
allow  for  passage  of  flood  flows.    The  Ash  Street  bridge  provides  in- 
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sufficient  ebatmel  capacity,  but  it  must  be  rebuilt  m  a  few  years  and 
when  rebuilt  entai^d  waterway  will  be  required. 

Local  Protection  at  Troy 

The  plan  of  improvement  at  Troy,  see  figure  18,  provides  for  a 
channel  capacity  of  98,000  second  feet  which  is  the  reduced  river  flow 
for  the  Official  Plan  flood.  This  is  obtained  by  enlarging  the  river 
channel  and  raising  the  levees.  Increased  capacity  is  also  provided 
by  means  of  the  construction  of  a  cutoflf  channel  shortening  the  river 
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at  the  laT^e  bend  in  the  lower  end  of  the  city.  The  cutoff  ehanjiel 
will  not  be  excavated  to  full  width,  but  the  strong  flows  through  it  are 
depended  upon  to  widen  the  channel  within  a  short  time,  and  mean- 
while ample  overflow  space  is  available.  The  principal  excavation  in 
the  river  is  between  the  B.  &  0.  Railroad  bridge  and  the  old  timber 
dam  including  the  stretch  of  the  channel  opposite  the  business  section 
of  the  city.  The  waste  material  from  the  excavation  is  utilized  to 
produce  attractive  building  sites  on  land  owned  by  the  District.    Be- 
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tween  the  railroad  bridge  and  the  dam  the  right  bank  of  the  river  was 
lined  by  an  irregular  series  of  stone  and  concrete  retaining  walls. 
Because  of  their  light  section,  it  was  not  possible  to  raise  these  and 
the  new  bank  is  made  by  filling  against  the  old  walls,  the  fill  being 
protected  from  scour  by  concrete  revetment  and  carried  to  the  proper 
height  to  form  the  necessary  levee  embankment.  The  total  excavation 
in  the  channel  will  be  about  200,000  cubic  yards. 

To  provide  the  requisite  water  way  under  the  Market  Street  bridge 
it  was  necessary  to  raise  it  4  feet  and  bnild  an  additional  span  of  150 
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feet.  It  was  originally  planned  to  permit  the  Adams  Street  bridge, 
a  structure  of  small  waterway  which  was  under  construction  during 
the  1913  flood,  to  remain,  supplementing  its  very  inadequate  water- 
way by  reserving  an  overflow  area  on  farm  land  northeast  of  the 
channel.  This  plan,  although  objectionable  in  several  ways,  appeared 
the  cheaper  in  ultimate  cost.  It  is  now  contemplated,  however,  by 
the  County  Commissioners  to  reconstruct  this  bridge  with  ample 
waterway,  and  the  channel  improvement  plan  has  been  modified  to 
adapt  it  to  the  new  bridge. 
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Local  Protection  at  Tippecanoe  City 

Tippecanoe  City  is,  for  the  most  part,  situated  on  high  ground, 
and  was,  therefore,  but  slightly  affected  by  the  flood  of  1913.  The 
construction  of  the  Taylorsville  retarding  basin  will  during  large 
storms  back  water  past  the  village,  making  protection  necessary.  The 
Miami  and  Erie  Canal  separates  the  higher  portion  of  the  town  from 
the  low  plain  on  the  east.  Upon  this  low  land  were  located  a  flew 
moderate  sized  dwellings,  and  the  village  electric  light  and  water 
works  station.  This  land  has  all  been  purchased  by  the  District,  the 
dwellings  are  to  be  removed,  and  the  electric  light  and  water  works 
station  relocated  at  a  point  west  of  the  canal. 

The  protection  consists  of  a  levee  with  its  crest  elevation  3  fe^ 
above  that  of  the  spillway  at  the  Taylorsville  dam.  The  route  of  the 
levee  is  along  the  canal  and,  for  a  portion  of  its  length,  is  on  the  site 
of  the  canal.  In  order  to  care  for  storm  water  resulting  from  rains 
when  the  water  surface  in  the  retarding  basin  is  high,  a  sewer  is  pro- 
vided which  intercepts  the  drainage  of  the  higher  part  of  the  village 
and  discharges  it  above  the  water  surface  in  the  basin.  The  drainage 
from  the  lower  section  of  the  village  is  taken  care  of  by  a  pumping 
plant  located  at  the  southerly  end  of  the  levee.  This  feature  is  a  pro- 
vision against  emergency  conditions  which  are  expected  to  occur 
rarely  if  ever.  The  general  location  of  the  various  works  is  indicated 
in  figure  19. 

Local  Protection  at  Dayton 

The  retarding  basins  on  the  Miami,  Stillwater,  and  Mad  Rivers,  all 
within  a  few  miles  of  Dayton,  control  about  2400  square  miles  out  of 
the  2500  square  miles  of  the  drainage  area  of  the  rivers  above  the 
city.  On  account  of  this  complete  control  much  less  radical  changes 
are  required  in  the  Dayton  channel  than  at  some  other  points.  A  con- 
siderable amount  of  excavation  is  necessary,  but  widening  of  the  chan- 
nel is  required  only  at  isolated  points. 

Within  the  city  the  three  rivers  and  Wolf  Creek  have  a  total  mil- 
eage of  12  miles ;  there  is  a  total  length  of  over  18  miles  of  river  bank 
that  must  be  protected  against  overflow  at  time  of  flood.  Channel  im- 
provement in  addition  to  plain  levee  work  is  required  in  the  Mliami 
River  from  the  Island  Park  Dam  to  the  proposed  new  bridge  at 
Broadway  below  the  Big  Four  Railroad  Bridge.  Between  the  latter 
point  and  Washington  Stireet  an  improvement  had  been  undertaken 
by  the  City  of  Dayton  before  the  flood,  but  was  never  completed.  This 
improvement  will  be  completed  upon  plans  modified  to  adapt  them  to 
the  new  conditions.    Channel  excavation  will  extend  over  a  distance 
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of  five  miles.  Through  the  center  of  the  city  the  channel  has  a  bottom 
width  increasing  gradually  but  retaining  a  section  as  nearly  uniform 
as  can  be  obtained  without  undue  expense.  The  bed  for  a  width  of 
150  feet  will  be  depressed  8  feet  below  the  foot  of  the  river  banks. 
Below  Washington  Street  the  channel  has  a  nearly  uniform  width 
between  toes  of  bank  slopes  of  about  590  feet.    The  grade  is  .065  per 


cent  above  "Washington  Street  and  .08  per  cent  below  Washington 
Street.  Throughout  its  length  the  depressed  bottom  because  of  con- 
tinuous curvature  of  the  channel  is  to  one  side  of  the  center  of  the 
channel,  being  within  about  75  feet  of  the  outer  bank.    In  the  section 
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of  the  improvement  below  Washin^n  Street,  which  is  for  the  most 
part  in  an  area  but  little  improved,  the  material  excavated  will  be 
used  to  provide  roadways  50  feet  in  width  on  each  side  of  the  river. 

Throughout  the  center  of  the  city  the  levees  are  built  to  a  height 
2  or  3  feet  above  their  old  elevations.  Above  the  Island  Park  Dam 
the  levee  along  the  left  bank  of  the  river  required  raising  from  4  to  6 
feet.  The  improvement  allows  for  a  depth  of  flow  in  the  improved 
channel  of  about  26  feet,  leaving  3  feet  of  free  board  below  the  tops 
of  the  levees.  Practically  no  channel  excavation  is  required  along 
Stillwater  or  Mad  Rivers,  but  a  material  increase  in  the  capacity  of 
Wolf  Creek,  a  stream  of  70  square  miles  drainage  area,  is  obtained 
through  deepening  the  bed. 

As  already  stated,  concrete  revetment  is  provided  along  the  Miami 
River  on  the  outside  of  the  curves  to  a  height  about  6  feet  vertically 
above  the  bottoms  of  the  bank.  Above  this  height  the  banks  and  levee 
slopes  are  to  be  grassed.  A  flexible  block  revetment  to  a  width  of 
about  20  feet  is  provided  at  the  foot  of  the  plain  concrete  revetment. 

The  elevation  of  the  levees  at  Dajrton  with  respect  to  that  of  the 
land  back  of  the  levees  has  been  such  as  to  require  the  installation  of 
gates  on  the  outlets  to  the  city's  sewers,  and  pumping  stations  to  care 
for  the  surface  water  and  sanitary  drainage  during  the  high  stages  of 
the  river.  The  improvement  made  by  the  District  does  not  materially 
change  this  condition,  and  the  pumping  system  will  be  operated  by 
the  City  as  before. 

Dayton  did  not  suffer  from  the  loss  of  bridges  during  the  flood  as 
much  as  other  cities  in  the  valley.  Since  the  flood  four  new  bridges 
have  been  built  according  to  plans  approved  by  the  District,  three  of 
which  were  to  replace  bridges  destroyed  in  1913.  In  addition  to 
these,  the  B.  &  0.  Railroad  bridge  above  the  city  has  been  raised  to 
provide  enlarged  waterway,  as  well  as  to  obtain  the  elevation  neces- 
sary for  the  road  to  clear  the  Taylorsville  retarding  basin.  The  B.  & 
0.  Railroad  bridge  over  Mad  River  will  be  raised  when  the  general 
elevation  of  the  railroad  tracks  through  the  city  is  made. 

The  improved  channel  through  Da3rton  will  have  a  capacity  suf- 
ficient to  carry  the  discharge  from  the  retarding  basins  during  an 
OflScial  Plan  flood  in  addition  to  the  unregulated  flow  entering  the 
rivers  between  the  dams  and  the  city.  The  total  discharge  provided 
for  is  75,000  second  feet  in  the  Miami  River  above  the  mouth  of  Mad 
River,  110,000  second  feet  between  Mad  River  and  Wolf  Creek,  and 
120,000  second  feet  below  the  mouth  of  "Wolf  Creek.  The  tops  of  the 
levees  will  be  3  feet  above  the  computed  maximum  flood  level  in  such 
a  storm.     The  greatest  discharge  during  the  1913  flood  was  about 
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250,000  second  feet.    A  sketch  of  the  Dayton  improvement  is  shown 
in  figure  20. 

Local  Protection  at  West  CarroUton  and  Alezandersville 

These  two  villages,  located  on  the  left  bank  of  the  Miami  about  6 
miles  below  Dayton,  are  protected  from  future  flooding  by  a  levee  on 
the  west  surrounding  the  low  areas,  as  shown  in  figure  21. 
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Local  Protection  at  Miamisburg 

This  town  is  situated  principally  on  the  left  bank  of  the  Miami 
River  about  11  miles  south  of  Dayton  at  a  point  where  the  river  valley 
is  narrow  and  where  the  river  channel  fortunately  is  very  wide.  The 
maximum  flow  against  which  protection  is  provided  is  130,000  second 
feet,  this  quantity  being  the  estimated  flow  from  the  Ofiicial  Plan 
flood  with  the  retarding  basin  control.  The  flood  flow  of  1913  was 
about  double  this  amount. 

Protection  is  secured  by  the  construction  of  a  levee  starting  near 
the  corporation  line  on  the  east  bank  of  the  river  and  extending  to 
about  2000  feet  below  the  corporation  line  at  the  south  end.  The  re- 
tarding basin  control  reduces  the  flood  flow  to  such  an  extent  that  the 
levee  will  not  be  required  for  the  whole  length  of  the  river  bank. 
Not  far  from  the  center  of  the  village,  Sycamore  Creek  enters  the 
river  from  the  east:  This  is  not  a  large  stream,  but  its  runoff  is  rapid 
at  times  of  storm.  In  order  to  give  it  a  free  outlet  the  levees  are 
brought  from  the  river  on  each  bank  of  the  creek  as  far  as  the  Big 
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Four  Railroad  embankmeiit  aod  protection  is  not  needed  beyond  this 
point.  On  tlie  west  bank  of  the  river  a  large  degree  of  protection  is 
already  afforded  by  the  embankment  of  the  B,  &  O.  Bailroad.  In 
order  to  get  the  full  value  of  this  it  proved  necesBary  to  raise  an  exist- 
ing highway  at  the  southerly  end  of  the  village  from  the  railroad  em- 
bankment to  the  higher  ground  on  the  west.  This  protection  will  be 
practically  sufficient  for  a  storm  as  large  as  that  of  1913,  but  has  not 
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the  standard  margin  of  safety.  At  the  northerly  portion  of  the  vil- 
lage west  of  the  river,  full  protection  is  aiforded  by  constructing  a 
levee  adjacent  to  the  railroad  and  several  feet  higher  with  lines  ex- 
tending north  and  south  of  the  protected  district  from  the  railroad 
to  the  high  ground. 

The  Miami  and  Erie  Canal  runs  through  Miamisburg  at  an  eleva- 
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tion,  with  respect  to  ground  level,  lower  than  at  the  other  towns  south 
of  Dayton.  .The  canal  crosses  Sycamore  Creek  on  an  aqueduct,  which 
also  acts  as  a  spillway.  Flood  gates  are  required  at  three  points 
where  the  levee  and  the  canal  intersect.  A  small  amount  of  drainage 
work  is  required  at  the  village.  A  general  view  of  the  levee  system  is 
shown  in  figure  22. 

Local  Protection  at  Franklin 

The  village  of  Franklin  is  situated  in  part  on  each  side  of  the 
Uiami  River  about  three  miles  above  the  mouth  of  Twin  Creek.    AI- 
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though  the  river  channel  at  the  village  is  narrow  the  overflow  plain 
is  very  wide.    The  section  of  the  village  west  of  the  river  lies  wholly 
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within  this  plain,  but  because  of  its  extent  it  is  impracticable  to  pro- 
vide full  protection  beyond  the  portion  at  present  largely  occupied 
by  dwellings.  It  is  also  necessary,  because  of  the  narrow  channel,  to 
make  use  of  this  low  plain  for  overflows  during  large  floods.  Stand- 
ard protection  is  given  the  village  within  the  leveed  area  against  an 
estimated  flow  of  135,000  second  feet.  In  addition  to  the  levees,  which 
are  located  as  shown  in  figure  23,  the  protection  work  requires  the 
enlargement  of  the  channel  at  a  point  above  the  suspension  bridge, 
where  the  channel  is  restricted  and  where  the  past  flows  have  been 
concentrated  against  the  west  bank  thereby  creating  considerable 
damage. 

The  Miami  and  Erie  Canal  conveys  but  a  siaall  quantity  of  water 
through  the  village,  but  gates  are  required  at  the  entrance  of  the 
canal  into  the  village  to  shut  off  what  might  be  a  dangerous  flow  at 
flood  times.  Flood  gates  are  also  provided  at  the  intersections  of  the 
levee  and  the  head  and  tail-race  of  the  Franklin  hydraulic,  a  canal 
used  locally  for  water  power.  There  are  but  two  bridges  at  Franklin. 
One  is  a  suspension  bridge  well  above  the  water  surface,  and  the  other, 
the  Cincinnati  Northern  Railroad  Bridge,  must  be  raised  about  2  feet. 

In  addition  to  the  protection  given  the  village  proper,  a  short 
levee  is  to  be  built  from  the  east  end  of  the  dam,  about  a  mile  above 
the  village,  to  the  high  land  on  the  east.  This  is  to  prevent  overflow 
of  low  ground,  which  has  in  the  past  been  a  source  of  damage  to  farm 
lands  and  to  the  banks  of  the  hydraulic. 

Local  Protection  at  Middletown 

This  city  is  situated  below  the  mouth  of  Twin  Creek,  and,  there- 
fore, is  benefited  by  the  effect  of  all  five  of  the  retarding  ibasins.  The 
greatest  flow  during  the  1913  flood  at  Middletown  was  about  300,000 
second  feet.  The  flow  to  be  provided  against  is  150,000  second  feet. 
The  river  channel,  including  available  overflow  area,  is  very  wide  at 
Middletown,  and  the  retarding  basins  give  such  effective  control  that 
the  local  protection  needed  is  small  compared  with  that  at  the  other 
cities  of  the  valley.  The  river  bank  between  the  northerly  and  south- 
erly limits  of  the  levee  has  a  length  of  about  4  miles.  For  about  3 
blocks  at  the  center  of  the  city,  the  land  is  so  high  that  no  levee  is  re- 
quired. The  maximum  height  of  the  levee  is  17  feet.  The  only 
bridge  at  Middletown  is  a  concrete  arch  structure  about  1800  feet  in 
length.  In  order  to  lead  the  river  to  near  the  center  of  this  bridge  a 
narrow  cut-off  channel  is  built.  This  channel  was  cpnstructed  40  feet 
wide,  but  it  has  been  widened  rapidly  by  the  water  since  its  construe- 
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tion.  Flood  gates  are  required  at  the  intersection  of  the  levee  and 
the  Miami  and  Erie  Canal.  The  location  of  the  levee  at  Middletown 
ia  shown  in  figure  24. 
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Local  Protection  at  Hamilton 

The  maximum  flood  flow  at  Hamilton  in  1913  was  about  350,000 
second  feet.  The  Official  Plan  flood,  assuming  all  five  retarding  basins 
in  operation,  would  deliver  an  estimated  maximum  flow  at  Hamilton 
of  about  200,000  second  feet.  This  flow  is  provided  for  in  the  plans, 
with  a  free-board  on  the  levees  varying  from  3  feet  at  the  south  end 
of  the  city  to  10  feet  at  the  north  end,  at  which  point  the  most  dam- 
aging flood  flow  entered  the  city  in  1913.  The  situation  at  Hamilton 
presented  the  most  difficult  problem  of  any  of  the  cities  in  the  valley. 
Above  this  point  the  river  has  a  drainage  area  of  3500  square  miles, 
about  50  per  cent  greater  than  the  drainage  area  above  Dayton.  Not- 
withstanding this  fact,  the  channel  at  Hamilton  at  its  narrowest  point 
was  only  390  feet  wide,  while  the  river  at  Dayton  at  no  point  was  less 
than  550  feet  in  width.  However,  the  channel  at  Hamilton  was  sev- 
eral feet  deeper  than  that  at  Dayton.  A  large  section  of  Hamilton  is 
situated  on  each  side  of  the  river,  and  along  both  banks  buildings 
stood  close  to  the  edge  of  the  channel.  In  some  instances  these  build- 
ings were  industrial  works  of  considerable  size  and  importance.  The 
removal  of  many  of  these  buildings  was  involved  in  the  improvement, 
which  consists  principally  in  enlarging  the  channel  to  a  minimum 
width,  between  toes  of  river  banks,  of  520  feet.  At  the  lower  end  of 
the  city  the  new  bank  is  moved  about  300  feet  back  from  the  old  one. 
The  entire  improvement  calls  for  the  excavation  of  about  2,000,000 
cubic  yards  of  material.  Some  of  this  has  been  utilized  in  building 
levees,  but  the  larger  part  of  it  has  been  placed  on  land  purchased  by 
the  District  at  the  north  and  south  ends  of  the  city,  totaling  110 
acres.  The  depth  from  the  bottom  of  the  channel  to  the  top  of  the 
new  levees  is  about  34  feet.  The  general  location  of  the  improvements 
is  shown  in  figure  25. 

The  great  channel  depth  and  steep  surface  slope  will  cause  higli 
velocities  at  time  of  high  water.  For  this  reason,  concrete  protection 
is  provided  along  the  east  bank  of  the  river  above  Main  Street  up  to 
the  estimated  extreme  water  level.  At  the  foot  of  the  bank,  flexible 
block  revetment  will  be  built  over  a  width  of  30  feet  on  the  channel 
bed.  On  the  west  bank  the  slopes  are  to  be  revetted  for  afbout  6 
feet  of  vertical  height  and  extending  down  to  the  lower  end  of  the 
bend  in  the  river  just  below  the  city  proper. 

The  Miami  and  Erie  canal  passes  through  the  city  at  an  elevation 
above  maximum  flood  level.  A  local  canal  for  water  power,  which 
entered  the  city  from'  the  north  and  passed  through  an  important  in- 
dustrial quarter  discharging  its  tail  water  into  the  river  near  Main 
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FIG.   E5.— MAP   OF   HAMILTON,   OHIO,   SHOWING-  LOCAL,   FLOOD   PKO- 
TBCTION  WOBKS. 
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Street,  has  been  removed  from  the  protected  area  to  a  point  north  of 
and  outside  of  the  city,  and  a  new  hydro-electric  plant  has  been  built 
for  the  utilization  of  the  entire  canal  flow. 

Flood  Protection  at  Other  Localities 

The  reduction  in  flood  stages  due  to  retarding  basin  control  is  the 
only  protection  furnished  the  farming  properties  along  the  river.  In 
most  cases  this  reduction  is  such  that  during  ordinary  floods  little 
trouble  from  overflow  need  be  looked  for.  During  very  high  floods, 
such  as  that  of  March  1913,  the  higher  land  will  be  completely  pro- 
tected from  overflow  and  the  land  lying  very  low  will  be  benefited  by 
an  appreciably  less  depth  of  water  and  a  markedly  shorter  duration 
of  overflow.  To  have  built  special  protective  works  for  farm  land  in 
most  cases  would  have  cost  more  than  the  resulting  benefits. 

The  same  remarks  apply  to  a  few  small  villages  where  the  area  or 
the  aggregate  value  of  property  subject  to  inundation  is  small,  and 
where  the  reduction  by  retarding  basin  control  is  sufficient  for  almost 
complete  protection.  The  village  of  Cleves  situated  in  Hamilton 
County,  about  5  miles  above  the  mouth  of  the  river,  is  affected  more 
by  back  water  from  Ohio  River  flood  stages  than  by  high  water  in  the 
Miami.  The  retarding  ba3in  control  does  benefit  Cleves  and  other 
parts  of  Hamilton  County,  however,  by  removing  in  large  part  the 
danger  of  damage  .by  swift  currents  in  the  Miami,  which  have  been  a 
source  of  considerable  injury  in  the  past  to  lands,  roads,  and  bridges.    / 

Modification  of  Existing  Structures  at  Owner's  Expense 

Under  Section  20  of  the  Conservancy  Act,  structures  such  as 
bridges,  sewers,  and  pipe  lines  encroaching  upon  waterways  must  be 
changed  or  modified  so  as  to  conform  to  the  District's  plan  of  protec- 
tion, at  the  expense  of  the  owners.  * 

Changes  of  this  nature  were  required  at  nearly  all  of  the  cities  in 
the  District.  In  some  instances  bridges  had  to  be  raised  in  order  to 
secure  sufficient  clearance  for  high  water  stages ;  in  other  cases  water 
mains  and  gas  pipes  crossing  river  channels  had  to  be  lowered  in 
order  to  be  below  the  established  grades  for  the  channel  bed.  In 
some  cases,  as  the  result  of  contracts  made  with  municipalities,  these 
changes  are  being  made  by  the  District. 

Railroad  Changes 

Aside  from  the  relocation  of  railroad  tracks  made  necessary  by 
the  construction  of  the  retarding  basins,  as  described  in  previous 
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pages,  railroad  tracks  at  a  number  of  points  in  the  valley  are  required 
to  be  raised  in  order  to  be  above  future  high  water  levels.  In  most 
cases  the  readjustments  so  required  are  of  minor  proportions,  but  they 
are  important,  nevertheless,  to  preserve  the  integrity  and  consistency 
of  the  plan  as  a  whole. 

• 

SELECTING  THE  RETARDING  BASIN  SITES 

Before  a  final  decision  could  be  reached  as  to  the  number  and 
location  of  basins,  it  was  necessary  to  study  many  sites.  Aside  from 
the  general  scheme  of  distribution  of  the  basins  so  as  to  control  the 
largest  possible  amounts  of  drainage  area  above  the  principal  cities, 
other  considerations  entered  into  these  studies,  chief  among  which 
were  the  securing  of  the  largest  possible  amount  of  storage  capacity 
with  the  least  eicpense  for  building  dams,  and  with  as  little  inter- 
ference as  possible  with  existing  public  service  utilities,  cities,  farms, 
and  other  valuable  property.  The  former  consideration  required  the 
best  possible  utilization  of  the  valley  topography.  The  United  States 
Geological  Survey  maps,  on  a  scale  of  approximately  one  mile  to  the 
inch,  were  found  to  be  of  great  assistance  in  locating  retarding  basin 
sites,  but  in  order  to  arrive  at  dependable  figures  for  making  esti- 
mates it  was  necessary  to  make  topographic  surveys  of  the  sites,  and 
to  plat  the  results  on  maps  to  a  scale  of  1  inch  equal  500  feet.  In 
order  to  determine  the  exact  location  for  each  dam  it  was  necessary  to 
make  larger  maps,  using  a  scale  of  1  inch  to  200  feet.  Finally,  still 
larger  maps  were  used  for  working  out  the  details  of  these  structures. 

In  the  earlier  stages  of  the  investigation  the  advisability  of  pro- 
viding a  retarding  basin  on  the  upper  Miami  River  abdve  Port  JeflFer- 
son,  and  another  on  upper  Mad  River  above  the  mouth  of  Buck  Creek 
near  Springfield,  was  considered.  The  capacity  of  the  first  was  lim- 
ited by  the  existence  of  large  areas  of  flat  lands  near  the  upper  end  of 
the  reservoir,  which  would  have  become  covered  with  water  if  the  dam 
were  raised  beyond  a  certain  height.  Below  this  elevation  the  capacity 
of  the  basin  would  have  been  too  limited  to  reduce  the  flood  flow  by 
more  than  10,000  second  feet  at  Troy  and  Piqua.  It  was  found  that  a 
saving  of  about  half  a  million  dollars  could  be  effected  by  abandon- 
ing this  basin,  enlarging  the  channel  capacities  at  Troy  and  Piqua, 
and  increasing  the  height  of  the  Taylorsville  Dam  to  give  the  equiva- 
lent protection  to  Dayton  and  the  cities  below.  A  number  of  com- 
plications, some  of  them  having  no  relation  to  engineering  difficulties 
resulted  in  eliminating  the  basin  at  Springfield.  Equivalent  results 
were  secured  by  increasing  the  height  of  the  Huffman  Dam.  The 
studies  which  led  to  the  system  as  finally  adopted  are  given  in  detail 
in  chapter  XII. 
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In  general,  it  has  not  been  found  advantageous  to  build  dams  above 
each  other  on  the  same  stream,  if  it  was  possible  to  provide  a  single 
retarding  basin  large  enough  to  give  the  desired  protection.  An  illus- 
tration of  this  is  the  case  of  the  Stillwater  River,  where  the  possibility 
of  using  a  smaller  dam  at  Englewood  and  another  dam  above  at 
Pleasant  Hill  or  at  Clayton  was  studied  and  rejected,  because  the  two 
basins  together  were  not  as  economical  as  a  single  large  one  at  Engle- 
wood. 

The  final  results  proved  that  a  great  deal  of  preliminary  investiga- 
tion in  picking  out  dam  sites  was  justifiable.  For  example,  at  Huff- 
man seven  combinations  were  studied  involving  various  heights  of 
dam  and  types  of  spillway.  At  Taylorsville,  the  cost  was  computed 
for  several  locations,  for  different  heights  and  locations  of  dam,  and 
various  types  of  spillway.  The  present  location  was  chosen  because  at 
that  point  more  economically  than  elsewhere  the  combined  spillway 
and  conduit  structure  could  be  built  on  a  rock  foundation.  On  Lora- 
mie  Creek  a  site  above  Lockington  was  investigated,  but  the  capacity 
of  the  basin  was  found  inadequate.  A  dam  also  was  considered  on 
the  Miami  just  below  the  mouth  of  Loramie  Creek,  to  back  water  up 
both  this  creek  and  the  Miami  River.  It  was  rejected  because  of  ob- 
jections from  the  people  of  Sidney  who  would  fear  backwater,  though 
from  an  engineering  standpoint  it  perhaps  was  the  best  location.  Its 
eonstruction  would  have  eliminated  the  need  for  local  protection 
works  at  Piqua,  and  would  have  reduced  the  local  work  required  at 
Dayton.  Many  combinations  were  studied  on  the  Stillwater  River. 
In  addition  to  the  one  in  the  vicinity  of  Englewood,  possible  sites  at 
West  Milton  and  Little  York  were  examined.  In  the  vicinity  of 
Englewood  six  dam  locations  and  thirteen  spillway  arrangements  were 
investigated.  At  Qermantown,  six  locations  for  the  dam  and  three 
types  of  spillway  were  considered. 

The  methods  used  in  finally  deciding  on  the  heights  of  dams, 
capacities  of  basins,  and  sizes  of  outlets,  so  as  to  proportion  these 
various  elements  with  respect  to  the  channel  capacities  at  the  prin- 
cipal towns,  are  described  in  detail  in  chapters  VII  and  VIII. 


CHAPTER  IV.— OPERATION  OP  RETARDING 

BASINS 

This  chapter  outlines  in  general  terms  the  principles  upon  which 
the  design  and  operation  of  the  retarding  basins  is  based,  and  dis- 
cusses briefly  the  effects  to  follow  from  their  construction.  The  suc- 
ceeding chapters  deal  in  much  greater  detail  with  the  various  steps 
taken  in  the  design. 

RUNOFF  FROM  MAXHCUM  STORM 

In  chapter  II  the  reasons  were  given  for  taking  as  the  basis  of 
design  a  flood  discharge  40  per  cent  greater  than  t&at  of  March  1913. 
It  will  now  be  shown  by  what  method  a  flood  wave,  or  flood  discharge, 
of  this  magnitude  was  proportioned  so  as  to  be  characteristic  of  Miami 
Biver  conditions  and  also  be  capable  of  expression  in  flow  and  time 
units  convenient  for  use  in  computation. 

The  method  adopted  consists  in  assuming  rates  of  runoff,  in  terms 
of  inches  of  depth  on  the  drainage  area,  over  given  periods  of  time. 
Two  distinct  advantages  result  from  this.  In  the  first  place,  the  data 
in  this  form  is  applicable  with  but  little  or  no  modification  to  any  sec- 
tion of  the  Miami  drainage  area,  and  from  it  the  discharge  in  cubic 
feet  per  second  can  be  computed  readily  for  any  point  on  the  main 
stream  or  its  tributaries  for  which  the  drainage  area  is  known.  Sec- 
ond, it  is  a  comparatively  simple  matter  to  decide  on  the  shape  of  the 
runoff  curve  because  it  can  be  patterned  after  that  of  the  1913  storm. 
The  latter  had  been  determined  with  great  care  from  the  actual  flood 
and  rainfall  data,  as  described  in  chapter  II,  and  offered  therefore  a 
convenient  and  reliable  starting  point.  The  use  of  runoff  in  prefer- 
/ence  to  rainfall,  aside  from  the  standpoint  of  convenience,  is  justified 
in  view  of  the  fact  that  in  the  1913  storm  practically  all  of  the  rain- 
fall reached  the  streams  in  the  form  of  runoff,  and  it  is  reasonable  to 
'  expect  that  the  same  will  hold  true  for  a  storm  40  per  cent  larger. 

The  first  step  is  to  decide  on  the  duration  and  the  amount  of  storm 
runoff.  The  studies  of  great  storms,  referred  to  in  the  second  chapter, 
brought  out  the  fact  that  in  this  section  of  the  United  States  the 
periods  of  intense  storm  rainfall  are  not  likely  to  exceed  three  con- 
secutive days.    This  was  the  case  in  March  1913,  and  most  of  the 
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runoflf  occurred  within  a  similar  period.    It  was  therefore  decided  to 
make  the  period  of  maximum  runoff  three  days. 

The  maximum  3-day  runoff  in  March  1913  averaged  7.27  inches 
over  the  catchment  area  above  Dayton.  As  a  result  of  the  experience 
and  judgment  of  the  engineers  of  the  Conservancy  District  in  flood 
control,  and  of  their  studies  of  rainfall  in  the  eastern  United  States, 
it  was  finally  concluded  that  a  runoff  of  10  inches  in  three  days  for 
the  smaller  drainage  areas  and  of  9y2  inches  for  the  larger  areas 
should  be  assumed  as  a  standard,  which  the  retarding  basins  should  be 
designed  to  handle  without  overflowing  the  spillways.  This  standard 
is  referred  to  hereinafter  as  the  Official  Plan  flood.  With  such  a 
design  the  retarding  basins  system  will  give  the  full  protection  in- 
tended in  case  of  a  storm  about  40  per  cent  greater  than  that  of  1913. 

The  next  step  is  to  determine  the  distribution  of  the  assumed  run- 
off during  the  3-day  period.  To  do  this  it  is  necessary  to  assume:,^ 
distribution  in  a  manner  analogous  to  that  which  has  been  observed 
to  take  place  during  large  storms,  making  the  expressions  of  these 
variations  so  simple,  however,  as  to  prevent  their  mathematical  use 
from  becoming  cumbersome.  The  importance  of  the  latter  require- 
ment will  not  fail  to  impress  one,  when  in  reading  chapter  Vll  ha 
becomes  aware  of  the  many  times  that  this  data  had  to  be  used  i»i 
working  out  the  proportions  of  the  retarding  basins. 

Figure  26  shows  in  diagrammatic  form  the  distribution  for  the 
10-inch  and  9%-inch  standard  runoffs  as  finally  adopted  in  the  Official 
Plan  flood,  and  affords  comparison  with  the  actually  observed  runoff 
from  the  1913  storm.  As  a  flood  does  not  start  from  an  initial  flow  of 
zero  but  from  some  intermediate  stage  of  the  stream,  it  was  decided 
to  start  in  each  case  with  a  rate  of  runoff  of  ^2  ij^ch  per  24,  hoursi 
over  the  drainage  area.  This  rate  was  then  increased  uniformly  over 
a  period  of  16  hours,  at  the  end  of  which  it  reached  a  maximuip  of 
41^  inches  per  24  hours  over  the  drainage  area.  This  is  indicate4f  byj 
the  heavy  dotted  line  in  figure  26  which  shows  the  distribution  ipx. 
the  10-inch  runoff.  The  solid  line  similarly  indicates  a  maximum  rate 
of  4  inches  per  24  hours  for  the  9V2-iuch  runoff.  These  maximum 
rates  were*  assumed  to  remain  constant  for  24  hours,  at  the  end  of 
which  they  were  made  to  taper  off  uniformly  through  a  period  of  32 
hours  to  a  final  rate  of  1^4  inches  per  24  hours  over  the  drainage  area, 
in  the  case  of  the  10-inch  runoff,  used  in  retarding  basins  with  sn^dl 
outlet,  and  of  2  inches  for  the  9i/^-inch  runoff  used  in  retarding  basins 
with  large  outlets.  There  is  no  necessity  in  this  connection  for  carry- 
ing this  discharge  further,  as  at  the  lower  limits  the  outflow  will  equal 
or  exceed  the  inflow. 
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It  will  be  noted  that  both  diagrams  show  a  quiek  rise  to  the  maxi- 
mum rate,  and  allow  twice  as  much  time  for  falling  as  for  rising.  In 
each  case  the  final  rate  is  much  larger  than  the  initial  rate.  The 
reason  for  this  is  that  the  water  in  a  retarding  basin  reaches  its  maxi- 
mum stage  toward  the  latter  part  of  a  flood,  when  the  inflow  into  the 
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FIG.    26.— MAXIMUM    FLOOD    RUNOFF    CURVES    ADOPTED    FOB    THE 

OFFICIAL  PLAN  FLOOD. 

The  assumed  runoff  rates  shown  give  approzimatelj  40  per  cent  more  total 
discharge  in  3  days  than  did  the  March  1913  flood,  and  were  used  as  a  standard, 
known  as  the  Official  Plan  flood,  for  the  purpose  of  designing  the  retarding  basinc. 
The  runoff  rates  assumed  are  no  implication  that  floods  of  such  magnitudes  are 
considered  as  at  all  possible  of  occurrence. 


basin  has  decreased  to  the  same  rate  as  the  outflow  through  the  con- 
duits. 

If  the  9V^-inch  runoff  curve  be  extended,  at  its  final  rate  it  yields 
10  inches  in  3^^  days.  In  other  words,  under  the  assumptions  as 
made,  it  would  take  the  larger  drainage  areas  a  third  of  a  day  longer 
to  contribute  the  same  amount  of  water  as  the  smaller  areas.  In  the 
light  of  the  data  collected  such  an  assumption  appears  justifiable  for 
maximum  flood  conditions. 

As  actually  applied,  the  10-inch  runoff  was  used  in  the  design  of 
the  Germantown,  Lockington,  and  Englewood  basins,  and  the  9V^-inch 
runoff  in  the  design  of  the  Taylorsville  and  Huffman  basins.  As  the 
Englewood  retarding  basin  has  nearly  as  large  a  drainage  area  as  the 
Huffman,  it  might  appear  that  the  9V^-inch  runoff  would  have  been 
sufficient  in  its  case.  The  outlet  of  the  Englewood  dam  is,  however, 
relatively  small,  so  that  while  for  a  3-day  storm  the  9^4nch  runoff 
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would  leave  it  in  as  favorable  condition  as  the  Huffman  retarding 
basin,  in  case  of  a  storm  of  longer  duration  than  three  days  its  smaller 
outlet  capacity  would  give  the  basin  less  capacity  for  handling  the 
inflow  than  the  Huffman  basin  with  its  much  larger  outlets.  On  ac- 
count of  this  it  became  necessary  to  give  the  Englewood  basin  a 
capacity  greater  than  required  for  a  3-day  storm,  in  order  to  pro- 
vide the  desired  margin  of  safety  in  case  of  a  storm  of  longer  dura- 
tion. The  10-inch  runoff  in  three  days  was  therefore  adopted  for 
Englewood.  It  is  believed  that  the  rates  of  runoff,  as  applied,  pro- 
vide approximately  the  same  margin  of  safety  for  both  large  and 
small  retarding  basins. 

It  is  not  here  contended  that  the  exact  form  of  runoff  curve  shown 
in  figure  26  possesses  any  special  merit,  aside  from  simplicity.  Never- 
theless it  fulfills  admirably  the  requirements  of  the  case,  as  in  actual 
flood  hydrographs  for  the  Miami  River  the  runoff  increases  rapidly 
during  the  first  part  of  a  flood,  remains  nearly  constant  during  the 
high  stages,  and  then  decreases  gradually.  The  drainage  from  small 
areas  being  always  more  rapid  than  from  large  ones,  it  follows  that 
the  maximum  rates  of  runoff  from  the  former  should  be  higher  than 
for  the  latter.  It  also  follows  that  at  the  end  of  the  flood  period,  the 
drainage  having  been  more  thorough  from  the  small  areas,  their  final 
runoff  rates  should  be  less  than  from  the  larger  areas.  All  of  these 
conditions  are  embodied  in  the  0£Scial  Plan  fiood. 

In  the  course  of  the  studies  a  number  of  runoff  curves  were  tried 
out,  some  of  them  with  much  higher  peaks,  others  of  quite  elaborate 
form,  as  described  in  chapter  VII.  It  was  found  that  so  long  as  the 
runoff  in  each  case  totaled  the  same  for  a  72-hour  period,  and  in  a 
general  way  conformed  to  the  shape  of  hydrographs  characteristic  of 
Miami  River  floods,  there  was  but  little  difference  in  the  ultimate 
result.  This  is  natural,  as  the  action  of  any  large  retarding  basin 
during  a  flood  is  in  essence  an  equalizing  process  in  which  fluctua- 
tions of  inflow  tend  to  be  obliterated.  The  time  element,  on  the  other 
hand,  was  found  to  be  of  considerable  importance.  Shortening  or 
lengthening  the  period  covered  by  heavy  runoff  affects  materially  the 
proportions  of  outlet  conduits  and  basin  capacity  required. 

SIZE  OF  OUTLET  CONDUITS 

As  the  purpose  of  a  retarding  basin  is  to  hold  back  temporarily  all 
flow  in  excess  of  the  capacity  of  the  river  channel  below  the  dam,  the 
outlets  must  be  designed  to  give  a  maximum  discharge  not  exceeding 
this  channel  capacity,  taking  into  account  inflow  from  uncontrolled 
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tributaries  below  the  dam.    This  maximum  discharge  occurs  when  the 
basin  is  filled  to  its  highest  level,  and  the  hydrostatic  head  is  greatest. 

Theoretically,  an  ideal  plan  would  be  to  regulate  the  outflow  by 
means  of  gates,  so  as  to  maintain  a  uniform  rate  throughout  a  flood 
period,  equal  to  the  maximum  determined  upon.  Such  a  plan  would 
efiEect  the  largest  aggregate  outflow  consistent  with  safety,  and  natu- 
rally would  require  a  minimum  of  basin  capacity.  However,  such 
mechanical  regulating  devices  would  require  manipulations  during 
flood,  and  constant  care  during  the  long  periods  between  floods. 

The  tendency  to  keep  the  gates  closed  during  small  floods,  so  as  to 
avoid  the  minor  inconvenience  and  damage  of  small  freshets,  might 
result  in  their  being  kept  closed  too  long  in  case  of  what  should  prove 
to  be  a  great  flood. 

Such  regulating  devices,  if  properly  used,  probably  would  come 
into  operation  only  at  intervals  of  several  years.  Because  of  the 
seriousness  of  the  result  if  they  should  fail  to  operate  properly,  it 
was  decided  to  omit  all  gates  or  other  devices  for  manipulating  the 
openings,  leaving  the  outlets  fully  open  at  all  times,  so  that  there 
could  be  no  failure  to  respond  promptly  at  the  critical  moment.  The 
system  should  be  to  the  greatest  possible  degree  dependable,  autO; 
matic,  and  fool  proof. 

Such  automatic  control  implied  the  adoption  of  outlet  openings 
of  fixed  dimensions,  somewhat  smaller  than  would  have  been  possible 
if  provision  had  been  made  for  opening  and  closing  them.  This,  in 
turn,  made  necessary  larger  retarding  basin  capacity  and  conse- 
quently higher  dams.  These  objections  were  considered  to  be  more 
than  offset  by  the  elimination  of  operating  mechanisms,  and  the  con- 
sequent attendance  and  upkeep  costs  for  all  time  of  equipment  of  this 
kind.  Independence  from  human  control  and  absence  of  movable 
parts,  in  the  operation  of  these  retarding  basins,  are  significant  fea- 
tures characterizing  the  Miami  Valley  flood  control  works.  The  tota 
maximum  discharge  of  the  outlets  is  only  %  less  than  that  of  the 
theoretically  best  possible.  What  difference  this  represents  in  the 
total  amount  of  water  to  be  held  in  a  retarding  basin  during  a  big 
flood  depends  upon  local  conditions.  In  the  case  of  each  of  the  Con- 
servancy basins  it  proved  to  be  a  small  item  when  measured  in  terms 
of  added  height  of  dam  and  additional  lands  to  be  flooded.  This  is 
especially  true  of  the  Englewood  and  Germantown  basins,  where  the 
conduits  are  so  small  that  all  but  a  small  fraction  of  the  total  inflow 
during  a  large  flood  will  be  stored,  the  net  difference  in  storage  as 
between  the  two  types  of  outlets  being  almost  negligible.  A  more 
detailed  discussion  of  the  design  of  these  outlet  works  is  given  in 
chapter  VI. 
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Consideration  was  given  to  the  possibility  of  the  clogging  of  the 
outlets  by  drift  or  ice.  At  high  stages  considerable  drift  may  come 
down  the  streams,  unless  it  is  regularly  removed  by  the  forces  of  the 
District.  Provisions  will  be  made  to  prevent  large  pieces  of  drift 
from  lodging  at  the  entrances  of  the  conduits.  These  provisions  wiU 
vary  at  the  different  dams,  depending  on  local  conditions. 

CAPACITIES  OF  RETARDING  BASINS 

Having  determined  the  carrying  capacity  of  the  improved  chan- 
nel below  the  dam,  and  therefore  the  allowable  capacity  of  the  outlet, 
the  next  step  is  to  determine  the  required  basin  capacity. 

The  relations  of  inflow,  outflow,  and  basin  capacity  are  readily 
visualized  by  referring  to  diagram  27,  in  which  A  B  C  D  E  F  repre- 
sents the  total  inflow,  equal  to  the  72-hour  runoff  from  the  drainage 
area  above  the  basin.  The  area  inclosed  by  any  curve  in  the  diagram 
shows  the  total  volume  of  water  up  to  any  instant,  being  the  product 
of  rate  of  flow  multiplied  by  time.  The  curve  A  I  E  shows  the  varia- 
tion in  rate  of  flow  through  the  outlet  conduits,  the  rate  growing 
rapidly  at  first,  as  the  retarding  basin  fills,  then  increasing  quite 
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Fia.  27.— BELATION  BETW^EEN  INFLOW,  OUTFLOW,  AND  RETARDING 
BASIN   CAPACITY  WHEN   SPILLWAY    DOES   NOT   OVERFLOW. 

slowly  until  the  maximum  is  reached.  This  maximum  is  represented 
by  the  ordinate  F  E,  and  corresponds  to  the  instant  when  the  rate  of 
inflow  has  decreased  to  an  amount  equal  to  the  rate  of  outflow.  Ob- 
viously, at  that  moment  water  has  ceased  being  added  to  that  held  in 
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the  retarding  basin^  the  water  level  in  the  latter  has  reached  its  maxi- 
mum elevation,  and  the  head  on  the  outlets  is  a  maximum.  The  ordi- 
nate E  F  must  equal  the  maximum  outflow  capacity  of  the  outlet 
conduits. 

It  follows  from  the  above  that  the  area  A  I  E  F  represents  the  total 
amount  of  water  discharged  during  the  filling  period.  The  storage 
capacity  of  the  basin,  being  naturally  the  difference  between  total  in- 
flow and  total  outflow,  is  represented  by  the  area  A  B  C  D  E  L 

If,  by  means  of  gates  or  other  controlling  devices,  the  same  total 
outflow  were  to  be  secured  by  means  of  a  uniform  flow  throughout  the 
flood  period,  such  constant  rate  would  appear  as  a  horizontal  line  Q  H 
and  ordinate  H  F,  and  the  area  A  B  O  H  F,  representing  the  icftal 
volume  discharged,  would  equal  the  area  A  I  E  F. 

In  designing  the  retarding  basins  of  the  Miami  Conservancy  Dis- 
trict, H  F,  in  all  cases,  was  found  to  be  close  to  ^  ot  E  F.  It  may, 
therefore,  be  stated  as  a  convenient  rule,  that,  under  assumptions 
similar  to  those  here  made,  the  approximate  capacity  of  a  retarding 
b(mn  may  be  arrived  at  quickly  by  computing  the  total  outflow  during 
the  filling  period  on  the  basis  of  a  uniform  rate  equaling  %  the  maxi- 
mum outlet  ca'pacity,  and  deducting  this  total  outflow  from  the  total 
inflow  during  that  period. 

Throughout  the  preceding  discussions  it  has  been  held  that  the 
limit  of  capacity  of  a  retarding  basin  is  at  the  crest  of  its  spillway. 
It  is  true  that  when  water  flows  over  the  spillway  the  depth  on  the 
crest  represents  a  vast  amount  of  additional  storage  in  the  basin.  The 
fact  remains,  however,  that  maximum  efficiency  in  retarding  basin 
design  is  secured  when  the  spillway  is  located  at  such  an  elevation 
that  it  will  be  reached,  but  not  overtopped,  by  the  water  above  the 
dam  during  the  greatest  flood  the  basin  ever  will  be  called  upon  to 
control.  Flood  damage  is  determined,  especially  in  case  of  urban 
property,  not  by  duration  of  flooding,  but  by  depth  of  flooding. 
Levees  will  be  broken  down  and  buildings  and  personal  property  dam- 
aged about  as  much  by  a  flood  lasting  for  a  few  hours,  as  by  one  last- 
ing several  days  at  the  same  stage.  Therefore,  the  estimated  capacity 
of  the  channel  below  the  dam  must  never  be  exceeded,  or  the  work 
will  fail  of  its  purpose.  To  make  the  outlets  of  such  capacity  as  only 
to  partially  flll  the  channel  below  the  dam,  depending  upon  flow  over 
the  spillway  to  add  to  ihe  flow  through  the  outlets;  is  a  wasteful 
method. 

The  channel  below  the  dam  can  carry  the  maximum  flow  through- 
out the  whole  flood  period  about  as  safely  as  it  can  for  a  few  hours  at 
the  flood  crest.    If  the  outlets  are  made  large  enough  to  fill  the  chan- 
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nel  below  the  dam  to  the  safe  limits,  this  capacity  will  be  serving  to 
relieve  the  basin  throughout  the  whole  flood  period,  which  in  efFect 
adds  to  the  capacity  of  the  basin.  If  the  outlets  are  made  smaller, 
with  the  expectation  that  the  channel  below  will  be  further  filled  by 
water  flowing  over  the  spillway,  a  larger  amount  will  be  retained  in 
the  basin,  which  in  efFect  reduces  its  capacity.  The  margin  of  safety 
in  that  case  actually  is  reduced,  because  the  basin  fills  more  quickly, 
and  rises  to  a  higher  level  over  the  spillway;  and  the  total  amount 
that  must  be  carried  in  the  channel  below  is  increased.  Overflow  of 
the  spillway  means  a  shorter  but  a  higher  river  stage  below  the  dam, 
where  maximum  elevation  and  not  duration  is  the  limiting  condition. 
It  should,  therefore,  be  a  fundamental  principle  in  retarding  basin 
design  to  place  the  spillway  at  such  elevation  as  will*  just  clear  the 
highest  water  level  in  the  basin  during  the  assumed  maximum  flood, 
which  in  the  case  of  the  Miami  Valley  system  is  the  OfiScial  Plan  flood. 
To  place  it  higher  would  add  a  margin  of  safety  that  is  not  needed, 
since  the  maximum  assumed  flood  is  selected  so  as  to  provide  the  nee 
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PIG.  28.— BELATION  BETWEEN  INFLOW,  OUTFLOW,  AND  BETABDING 
BASIN  CAPACITY  WHEN  SPILLWAY  OVEBFLOW8. 


essary  margin  of  safety.  To  place  it  lower  would  result  in  spillway 
overflow  into  the  river  channel  when  the  latter  already  should  be 
carrying  the  full  amount  for  which  it  is  designed. 

Figure  28  shows  the  condition  which  would  result  from  providing 
too  small  an  outlet  without  additional  basin  capacity  to  offset  it.  The 
total  inflow  has  been  assumed  the  same  as  in  figure  27.  The  maxi- 
mum discharge  through  the  outlets  is  r*^presented  by  the  ordinate  MJ 
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which  is  less  than  EF.  The  outflow  curve  AK  shows  the  rates  of  dis- 
charge through  the  outlets  up  to  the  time  when  the  basin  is  filled  to 
spillway  level  and  begins  to  spill.  KL  indicates  the  combined  dis- 
charge of  outlet  and  spillway,  with  a  maximum  at  L  exceeding  the 
safe  carrying  capacity  of  the  channel,  EF.  It  is  scarcely  necessary 
to  point  out  that  such  a  condition  would  jeopardize  the  safety  of  the 
levees  and  would  be  likely  to  result  in  considerable  damage  from 
overflow. 

SPILLWAYS 

Since  the  spillway  of  a  retarding  basin  should  be  so  located  that 
its  crest  will  be  just  above  the  water  level  in  the  basin  during  the 
assumed  maximum  flood,  theoretically,  the  spillways  will  never  come 
into  use.  They  have  no  function  in  the  usual  operation  of  the  retard- 
ing basins,  and  the  capacities  of  the  improved  channels  below  do  not 
provide  for  large  flows  over  the  spillways.  Their  only  function  is  to 
further  insure  the  safety  of  the  dam  structures.  Their  insertion  in 
the  design  of  the  dams  should  be  looked  upon  as  a  factor  of  safety 
against  imperfection  of  design  or  the  most  remote  contingencies. 

They  are  so  proportioned  as  to  make  the  earth  dams  safe  against 
overtopping  in  a  flood  twice  as  great  as  that  of  March  1913,  or  equal 
to  14  inches  of  runoflP  in  72  hours.  Thus,  if  a  storm  could  occur  great 
enough  to  fill  the  retarding  basins  above  the  spillway  crests,  the  dams 
themselves  would  be  safe  against  damage.  A  slight  flow  over  the  spill- 
ways would  not  necessarily  result  in  material  damage  below,  because 
the  levees  through  the  cities  have  an  elevation  3  feet  above  the  flow 
line  of  the  assumed  maximum  flood.  Should  flow  over  the  spillways 
result  in  overtopping  the  levees,  the  damage  would  be  very  serious, 
but  still  far  less  than  though  the  basins  were  not  in  operation. 

In  calculating  the  discharge  over  the  spillway  crests,  it  was  de- 
cided that  the  maximum  level  of  water  reached  in  the  retarding  basins 
in  case  of  a  14-inch  runoif  from  the  drainage  area  in  72  hours,  should 
not  exceed  10  feet  above  the  level  of  the  spillway  crest,  leaving  as  a 
still  further  factor  of  safety  a  freeboard  of  5  feet  to  the  top  of  the 
dam.  The  sum  of  the  storage  capacity  and  the  total  amount  'dis- 
charged through  the  outlet  conduits  was  subtracted  from  the  total 
14-inch  runoif  to  obtain  the  amount  that  must  be  discharged  over  the 
spillways.  The  detailed  method  of  making  these  determinations  is 
given  in  chapter  IX.  The  lengths  and  elevations  of  spillway  crests 
for  the  various  dams  are  given  in  table  VII  of  the  Appendix. 

In  designing  the  spillways  of  the  Miami  Conservancy  dains  many 
practical  considerations  had  to  be  taken  into  account,  which  operated 
to  modify  the  dimensions  dictated  by  theoretical  requirements.    Thus, 
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at  the  Lockington,  Taylorsville,  and  Huffman  dams  the  length  of 
crest  had  to  be  increased  in  order  to  fit  in  with  the  design  for  the  com- 
bined outlet  and  spillway  structures  needed  at  these  points.  Length- 
ening the  spillways  did  not  materially  aflfect  the  cost  of  these  struc- 
tures, the  principal  dimensions  of  which  were  governed  by  the  size 
and  number  of  outlet  conduits  to  be  provided  in  them,  and  of  course 
added  to  the  safety  of  the  dams. 

In  the  ease  of  Lockington  and  Taylorsville  dams  it  developed  that 
a  great  deal  of  local  opposition  to  the  construction  of  these  structures 
due  to  backwater  could  be  removed  by  lowering  the  spillway  eleva- 
tions by  two  feet.  Investigation  showed  that  the  OflScial  Plan  flood 
would  then  fill  the  basins  to  an  elevation  nearly  two  feet  above  the 
spillways,  but  that  the  discharge  from  the  spillways  under  so  small  a 
head  would  be  very  small  and  could  safely  be  taken  care  of  by  the 
channels  below.    The  design  was  accordingly,  changed. 

At  the  Englewood  basin  the  spillway  crest  was  placed  several  feet 
above  the  stage  that  would  be  reached  by  the  Official  Plan  flood. 
This  allows  the  storage  in  the  basin  to  be  increased  to  such  an  extent 
that  a  14-inch  runoif  in  72  hours  can  be  taken  care  of  by  a  100-foot 
spillway,  without  exceeding  the  safe  head  of  10  feet.  It  was  found  to 
be  more  economical  to  pay  the  cost  of  the  greater  land  damage  and 
higher  dam  required  by  such  a  scheme  than  to  build  a  longer  spillway. 
At  the  Germantown  basin  a  similar  solution  was  worked  out.  As  the 
spillway  for  this  dam  consists  of  a  channel  across  a  saddle  in  the  hills 
bounding  the  basin,  greater  economy  was  secured  by  increasing  the 
height  of  the  dam  and  paying  the  resulting  land  damage,  than  by  ex- 
cavating a  large  spillway  channel  through  the  rock  to  a  lower  elevation. 

In  both  cases  increasing  the  height  of  the  spillway  had  another 
beneficial  effect  on  the  operation  of  the  basins.  Figure  29  shows  the 
size  of  floods  of  various  durations  that  the  basins  are  capable  of 
handling  without  raising  the  stages  above  the  maximum  flow  line  or 
spillway  level.  For  runoffs  of  short  duration,  the  Huffman  and 
Taylorsville  basins  will  be  seen  to  have  the  least  capacity.  Since 
they  control  large  drainage  areas,  the  most  rapid  runoffs  are  not 
likely  to  occur.  Because  of  their  large  outlets,  the  size  of  storm 
which  can  be  handled  in  them  increases  rapidly  for  longer  periods  of 
runoff,  and  it  is  evident  that  they  are  amply  safe  for  storms  of  long 
duration.  The  Englewood  basin,  however,  while  its  capacity  for  short 
duration  floods  is  large,  has  but  little  more  capacity  for  storms  of 
great  duration.  By  raising  its  spillway,  the  capacity  is  so  increased 
that  its  ability  to  take  care  of  large  floods  of  great  duration  is  consid- 
erably extended.     The  same  is  true  for  the  Germantown  basin,  but 
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because  its  outlet  conduits  are  larger  in  proportion  to  its  drainage 
area  than  is  the  case  at  Englewood,  the  raising  of  its  crest  was  rela- 
tively less  important. 


'  I  2  3  4  S 

Duration  in  Days 

FIG.  29.— INTENSITIES  AND  DURATIONS  OF  STORM  RUNOFF 
WHICH  WOULD  FILL  THE  RETARDING  BASINS  TO  THEIR  SPILL- 
WAY LEVELS. 

PROTECTION  AFFORDED  BY  BASINS 

In  the  preceding  pages  it  has  been  explained  that  the  retarding 
basins  were  proportioned  individually  as  well  as  in  combination  to 
take  care  of  the  Official  Plan  flood,  which  assumes  a  runoff  40  per 
cent  greater  than  that  of  1913.  It  should  not  be  inferred  from  this 
that  they  are  designed  to  protect  against  large  floods  only.  Any 
flood  which  under  former  river  conditions  would  have  exceeded  ap- 
preciably the  river  channel  capacities,  will  have  its  crest  discharge 
diminished  by  the  retarding  action  of  the  basins. 
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The  reduction  in  peak  flood  flow  brought  about  by  the  basins  is 
not  proportional,  however,  to  the  magnitude  of  the  floods,  the  effect 
being  to  reduce  the  larger  floods  much  more  in  ratio  to  their  size  than 
the  smaller  ones,  since  the  outlet  conduits  discharge  essentially  as 
orifices,  and  their  outflow  therefore  varies  as  the  square  root  of  the 
hydrostatic  head  on  them.  Hence,  for  small  depths  of  water  in  a  re- 
tarding basin,  the  rates  of  outflow  show  a  rapid  increase  with  increase 
of  depth,  but  as  these  depths  become  greater  the  increments  in  out- 
flow decrease  until  at  the  larger  depths  the  outflow  rates  become 
nearly  constant.  Thus,  the  retarding  basins  when  half  full  discharge 
nearly  as  much  as  when  completely  filled.  Another  factor  that  enters 
into  the  matter  is  the  shape  of  the  retarding  basins  themselves. 
These  roughly  are  V-shaped  valleys,  the  bottoms  having  a  slope  of 
several  feet  to  the  mile  toward  the  dam.  Therefore,  the  capacity  per 
foot  of  depth  in  the  wide  top  portion  is  much  greater  than  at  the  bot- 
tom. Minor  storms  will  fill  the  basins  to  depths  greater  in  propor- 
tion to  their  rainfall  than  will  large  storms. 

The  combined  effect  of  these  two  factors  is  to  give  relatively  large 
discharges  for  small  floods  and  relatively  small  discharges  for  large 
floods.  This  phase  of  retarding  basin  action  is  of  especial  advantage, 
operating  as  it  does  to  relieve  the  overflowed  bottom  lands  in  the  basins 
during  small  floods  in  a  short  space  of  time,  thereby  causing  the  least 
possible  interference  with  agricultural  operations.  This  is  the  more 
important  since  small  floods  have  the  greater  frequency.  In  the  case 
of  larger  floods  the  rates  of  outflow  from  any  basin  are  very  nearly 
uniform,  approaching  the  maximum  for  which  the  outlets  are  designed. 

The  effect,  as  described  above,  of  the  four  retarding  basins  above 
Dayton  in  regulating  the  maximum  flow  through  the  city  for  a  great 
Tariety  of  floods  of  different  magnitudes  and  durations  is  shown  by 
the  diagram,  figure  30.  For  the  purpose  of  making  this  diagram  each 
individual  flood  considered  is  assumed  to  have  the  same  duration  and 
to  produce  the  same  total  depth  of  flood  runoff  over  the  catchment 
areas  above  each  of  the  four  retarding  basins.  The  effect  of  certain 
specific  selected  floods  of  high  runoff  over  restricted  areas,  when  cen- 
tered over  the  different  catchment  areas,  will  be  discussed  subse- 
quently in  chapter  X.  It  seems  advantageous  first  to  consider  here 
by  means  of  figure  30  floods  of  such  wide-spread  extent  as  to  be  prac- 
tically uniform  over  all  the  drainage  area  above  Dayton. 

The  lowest  curved  line  in  the  diagram,  figure  30,  is  for  flood  run- 
offs lasting  only  1  day.  The  curve  is  drawn  through  successive  points, 
each  determined  by  using  the  depth  in  inches  of  total  flood  runoff  as 
an  ordinate  and  the  corresponding  maximum  value  of  the  regulated 
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flood  flow  through  Dayton  as  an  abscissa.  Thus,  a  6-inch  flood  run- 
off in  1  day  would  produce  a  flood  flow  through  Dayton  of  110,00Q 
second  feet,  the  safe  channel  capacity.  The  tops  of  the  levees  will  be 
3  feet  above  the  flow  line  for  such  a  discharge,  and  the  ultimate  chan- 
nel capacity,  before  overflow  would  begin,  is  about  135,000  second  feet. 
While  it  is  not  supposed  that  greater  flood  runoffs  Can  ever  occur 
in  this  region,  it  is  a  necessary  part  of  the  procedure  in  the  engineer- 
ing design  of  the  protection  system,  to  determine  the  margin  of  safety 
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FIG.  30.— FLOOD  DISCIIABGE  AT  DAYTON  FOR  VARIOUS  INTENSITIES 

AND   DURATIONS    OF  STORM   RUNOFF. 

The  discharges  shown  are  peak  rates,  and  all  four  retarding  basins  above  Dayton 

are  assumed  to  be  in  operation. 


of  the  plans  by  considering  the  effects  of  hypothetical  flood  runoffs 
much  greater  than  any  that  may  possibly  occur.  Thus,  the  curve  for 
1-day  floods  is  continued,  and  the  diagram  shows  that  it  would  require 
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a  runoff  of  8  inches  in  1  day  to  bring  the  spillways  at  the  dams  into 
operation  sufficiently  to  produce  a  discharge  at  Dt^ton  of  135,000 
second  feet.  Similarly,  a  flood  runoff  of  10  inches  in  1  day  would  pro- 
duce a  discharge  of  160,000  second  feet.  The  point  at  the  intersec- 
tion of  the  1-day  curve  with  the  broken  line  marked  *  *  5  feet  below  top 
of  dam/'  indicates  that,  if  such  an  event  were  possible,  the  Huffman 
basin  would  be  filled  thereby  to  a  point  5  feet  below  the  top  of  the 
dam,  but  no  other  basin  would  be  filled  to  an  equal  extent.  In  order 
to  have  a  conservative  factor  of  safety,  the  dams  as  engineering  struc- 
tures are  built  to  be  perfectly  safe  against  such  a  depth  of  water,  and 
the  outlets  and  spillways  are  strong  enough  to  handle  the  resulting 
discharge. 

The  curve  is  continued,  showing  that  a  runoff  of  12  inches  would 
be  required  before  the  top  of  any  of  the  dams  would  be  reached,  the 
first  one  for  this  case  being  Huffman. 

Similar  curves  are  drawn  for  flood  runoffs  'spread  uniformly  over 
longer  periods,  up  to  6  days.  A  heavy  vertical  line  is  drawn  at  a  dis- 
charge of  110,000  second  feet,  the  safe  channel  capacity  in  Dayton. 
The  diagram  shows  that  to  produce  this  discharge  will  require  a  total 
flood  runoff  of  about  8  inches  in  2  days,  or  10  inches  in  3  days,  or  14 
inches  in  6  days.  This  indicates  that  Dayton  is  protected  against  any 
storm  that  is  within  the  range  of  probability  for  this  section  of  the 
United  States. 

Figure  30  indicates  by  the  inclinations  of  the  lines  in  the  lower 
portion,  that  the  maximum  rates  of  flood  flow  at  Dayton,  with  the  re- 
tarding basins  in  operation,  at  first  increase  rapidly  as  the  rates  of 
runoff  increase.  As  the  lines  grow  steeper  the  increases  in  flood  dis- 
charge are  seen  to  become  less  rapid  so  that  for  large  depths  of  runoff 
the  rate  of  increase  tends  to  become  constant.  This  is  du-e  to  the 
orifice-like  behavior  of  the  conduits  at  the  dams  as  previously  ex- 
plained. It  will  be  noted  that  the  lines  in  the  diagram  take  a  flatter 
slope  where  they  cross  the  vertical  line  which  represents  the  limit  of 
safe  channel  capacity  in  Dayton,  showing  that  the  limit  of  greatest 
efficiency  of  the  retarding  basins  is  reached  at  that  stage.  Beyond 
this  line  there  is  a  more  rapid  increase  in  flood  flow  for  given  increases 
in  runoff,  due  to  spillway  overflow  being  added  to  the  discharge  from 
the  outlets. 

The  diagram  shows  in  a  graphical  manner  that  the  flood  protec- 
tion system  is  so  designed  that  in  the  Official  Plan  flood  the  reduced 
discharge  through  Dayton  will  just  equal  the  channel  capacity,  leav- 
ing a  margin  of  3  feet  from  the  water  level  to  the  tops  of  the  levees. 
The  diagram  is  of  interest  also  in  showing  the  various  combinations 
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of  storm  intensity  and  duration  which  the  ^stem  is-  capable  of 
handling. 

For  very  high  rates  of  mnoflf  a  point  is  reached  where  the  head  on 
the  spillway  is  the  maximum  for  which  the  dams  and  spillways  are 
designed.  This  has  been  fixed  at  5  feet  below  the  tops  of  the  dams. 
The  depth  of  runoff  which  will  cause  this  stage  to  be  reached  is  shown 
on  the  curves  by  a  dotted  line  accompanied  by  the  name  of  the  retard- 
ing basin  at  which  this  point  would  first  be  reached.  It  has  already 
been  explained,  see  figure  29,  that  the  ability  of  the  various  basins  to 
control  floods  of  various  durations,  without  overtopping  the  spillways, 
differs  somewhat.  Similar  differences  obtain  at  maximum  stage.  Thus 
a  10-inch  runoff  in  1  day  would  fill  the  Huffman  basin  slightly  above 
the  maximum  stage,  and  would  nearly  reach  that  stage  in  the  Tay- 
lorsville  basin.  These  two  basins,  though  large,  are  less  able  to  absorb 
short  floods  of  great  intensity  than  some  of  the  other  basins,  because 
their  capacities  are  small  relative  to  the  drainage  areas  controlled  by 
them.  Because  of  their  large  conduits,  however,  they  are  especially 
adapted  to  retarding  great  floods  of  long  duration.    Twelve  inches  of 

« 

runoff  in  2  days  time  would  be  required  to  fill  the  Huffman  Basin  to 
maximum  stage,  i.  e.  5  feet  below  top  of  dam. 

As  has  been  previously  stated  a  14-inch  runoff  in  3  days  was  used 
as  the  criterion  for  proportioning  the  spillways,  and  such  a  runoff 
would  produce  the  maximum  stage  in  the  Englewood  and  Huffman 
basins.  At  Lockington  and  Taylorsville  the  resulting  stage  would  be 
slightly  below  the  maximum  because  of  the  2-foot  reduction  in  spill- 
way height. 

The  Englewood  basin  has  the  largest  capacity  of  the  five  basins. 
Owing  to  its  small  conduit  discharge  capacity,  large  storms,  even 
when  distributed  over  long  periods,  will  fill  this  basin,  whereas  they 
would  not  do  so  in  the  case  of  the  other  basins  equipped  with  rela- 
tively larger  conduits.  This  explains  why  in  the  diagram  the  4,  5, 
and  6-day  runoffs  are  shown  to  fill  this  basin  to  maximum  stage  sooner 
than  the  other  three. 

As  regards  filling  the  retarding  basins  level  with  tops  of  dams,  the 
diagram  shows  the  relation  between  the  basins  to  be  the  same  as  for 
the  maximum  stage  conditions  just  described,  the  Huffman  basin  giv- 
ing less  protection  against  short  and  heavy  runoffs,  and  the  Engle- 
wood basin  against  long  protracted  ones. 

Throughout  the  foregoing  discussions  it  should  be  borne  in  mind 
that  all  assumptions  of  runoff  necessary  to  fill  any  of  the  retarding 
basins  to  tops  of  dams  or  within  5  feet  of  the  tops  are  purely  theo- 
retical considerations,  such  floods  being  considered  wholly  impossible 
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of  occurrence  in  the  Miami  Valley.  As  the  years  pass,  the  public 
knowledge  that  the  works  are  safe  lar  beyond  any  burden  that  may 
be  put  upon  them  will  be  the  basis  of  confidence  on  the  part  of  the 
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PIG.  31.— INFLOW  AND  OUTFLOW  HYDROGBAPHS  OF  TWIN  CREEK 
AT  OEBMANTOWN  BETABDING  BASIN  FOB  A  FLOOD  LIKE  THAT  OF 
MABCH  1913. 

people  of  the  valley,  and  this  complete  confidence  in  a  very  large 
factor  of  safety  will  justify  the  unusual  precautions  which  have  been 
taken,  and  the  expense  which  these  precautions  have  incurred. 


BEHAVIOR  OF  RETARDING  BASINS  DURING  A  FLOOD  LIKE 

THAT  OF  MARCH  1913 

The  behavior  of  the  retarding  basins  is  best  visualized  in  figures 
31  to  35>  which  show  in  hydrograph  form  the  inflow  and  outflow  rates 
for  the  five  retarding  basins,  assuming  a  repetition  of  the  March  1913 
flood  to  occur.  The  irregular  peaked  line,  in  each  instance,  represents 
the  unmodified  river  discharge  or  inflow  into  the  basin,  and  the  curved 
line  the  resulting  discharge  through  the  outlets  in  the  dams.  The 
contrast  between  the  flashy  nature  of  the  high-crested  flood  wave 
entering  the  basin,  and  the  smoothly  appearing  outflow  curve,  devoid 
of  any  sharp  crest  whatsoever,  is  striking. 
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Figure  32  shows  the  crest  discharge  of  the  Stillwater  River  in 
1913  to  have  been  85,400  second  feet  on  March  25,  the  entire  flood 
period  lasting  5  days.  It  also  shows  that  the  effect  of  the  retarding 
basin  would  have  been  to  reduce  the  crest  discharge  to  %  this  amount, 
and  to  extend  the  flood  wave  over  a  period  of  27  days.  Figure  34 
shows  that  the  Taylorsville  basin  would  have  reduced  the  flood  crest 
in  the  Miami  River  from  127,000  second  feet  to  51,300  second  feet,  or 
to  about  40  per  cent  of  the  maximum,  while  the  period  of  flood  flow 
would  have  been  lengthened  but  little  if  any.  These  diagrams  illus- 
trate the  two  extremes  in  retarding  basin  behavior,  the  Englewood 
basin  with  its  huge  capacity  and  small  outlets  effecting  a  great  reduc- 
tion in  flood  crest  and  extending  the  outflow  over  nearly  a  modith. 


4acw? 


Mcrch  /9/3 
24      25    26 


'April  1915 
2      3      4 


^     S     6      7      8      9     /O     //     /Z 
Days 

PIG.  33.— INFLOW  AND  OUTFLOW  HYDBOGBAPHS  OP  LOEAMIE 
CBEBK  AT  LOCKINGTON  EETABDING  BASIN  FOE  A  FLOOD  LIKE 
THAT  OP  MAEOH  1913. 


while  the  Taylorsville  basin  with  its  large  outlet  capacity  effects  less 
of  a  reduction  in  the  flood  crest  and  empties  in  a  few  days  time.  The 
behavior  of  the  other  retarding  basins  during  a  flood  like  that  of 
March  1913  is  between  these  extremes ;  in  a  general  way  the  German- 
town  and  Lockington  basins,  shown  in  figures  31  and  33,  are  in  be- 
havior similar  to  the  Englewood,  while  the  Huffman  basin  curves, 
see  figure  35,  bear  close  analogy  to  those  of  the  Taylorsville.  In  chap- 
ter VIII,  figures  77  and  78  show  similar  hydrographs  for  the  large 
flood  of  October  1910. 

Since  the  peaked  line  represents  inflow  and  the  smooth  curve  out- 
flow, the  difference  in  length  of  the  ordinates  of  the  two  lines  at  any 
pomt  represents  the  rate  of  storage.  The  point  of  intersection  of 
the  two  lines  marks  the  instant  where  inflow  and  outflow  are  equal, 
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FIG.  34.— INFLOW  AND  OUTFLOW  HYDROGRAPHS  OF  MIAMI  EIVER 
AT  TAYLORSVILLE  RETARDING  BASIN  FOR  A  FLOOD  LIKE  THAT 
OF  MARCH  1913. 


and  water  ceases  to  accumulate  in  the  basin.  Beyond  this  point  the 
position  of  the  lines  is  reversed,  the  rate  of  outflow  exceeds  the  rate  of 
inflow,  and  the  vertical  intercept  between  them  at  any  point  gives  the 
rate  at  which  the  stored  water  is  being  diminished. 
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The  area  included  between  the  inflow  and  outflow  curves,  from 
the  point  where  they  first  separate  to  where  they  intersect  represents 
the  amount  of  water  temporarily  stored  in  the  retarding  basin.  Sim- 
ilarly the  area  to  the  right  of  this  point  of  intersection,  included  be- 
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FIG.  35.— INFLOW  AND  OUTFLOW  HYDBOGRAPHS  OF  MAD  RIVER 
AT  HUFFMAN  RETARDING  BASIN  FOR  A  FLOOD  LIKE  THAT  OF 
MARCH  1913. 

tween  the  curves,  represents  the  release  of  this  stored  water,  and  is,  of 
course,  equal  to  the  area  first  mentioned. 

In  figure  34  there  is  shown  by  means  of  a  dotted  line  the  flood  flow 
as  it  passed  the  Taylorsville  damsite  in  March  1913.  The  Lockington 
retarding  basin  would  modify  this  flood  flow  in  the  manner  shown  by 
the  full  line  representing  the  inflow  into  the  Taylorsville  basin. 


EFFECT  ON  FARM  LANDS  IN  BASINS 

There  is  every  reason  to  believe  that  the  farm  lands  composing  the 
bottoms  of  the  retarding  basins,  except  for  small  areas  immediately 
adjoining  some  of  the  dams,  will  be  benefited  rather  than  injured  by 
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the  occasional  submergence.  As  pointed  out,  most  recorded  floods 
have  occurred  in  January,  February,  and  March.  Had  the  dams  been 
built  these  floods  would  not  have  affected  any  crops,  except  possibly 
winter  wheat  and  alfalfa.  During  the  25-year  period,  1893  to  1917, 
there  were  30  floods  or  freshets  of  sufBcient  size  to  be  affected  by  the 
dams ;  24  occurred  between  January  1  and  March  31,  half  of  them  in 
the  month  of  March. 

The  accompanying  diagram,  figure  36,  brings  out  strikingly  the 
fact  that  but  few  floods  happen  during  the  growing  season.  It  shows, 
grouped  by  months,  all  floods  that  would  have  overflowed  land  in  the 
retarding  basins,  each  flood  being  represented  by  a  vertical  line,  the 
ordinates  showing  the  acreage  submerged.  Thus,  in  the  upper  tier, 
representing  the  flooding  in  the  Oermantown  basin,  the  7  January 
floods  that  took  place  during  the  25-year  period  referred  to  above  are 
arranged  alongside  each  other ;  likewise,  the  5  February  floods  and  the 
12  March  floods.  Only  2  April  floods  would  have  submerged  any 
land  in  the  basin,  and  both  would  have  been  attributable  to  preceding 
March  floods  which  had  not  yet  subsided  and  which  aggravated  what 
otherwise  would  have  been  small  rises.  Two  floods  occurred  in  May, 
none  in  June,  one  in  July,  none  in  August  and  September,  one  in 
October,  and  none  in  November  and  December.  Of  the  summer  floods, 
one  in  May  and  the  one  in  July  would  have  been  too  small  to  have 
affected  crops  to  an  appreciable  extent.  If  the  two  remaining  floods 
had  occurred  the  same  year  a  com  crop  could  have  been  grown  and 
harvested  between  them. 

With  the  exception  of  extraordinary  floods  of  rare  occurrence, 
such  as  those  of  March  1913  and  October  1910,  the  area  overflowed 
within  the  basin  would  have  been  small.  Thus,  the  7  January  floods 
would  not  have  covered  to  exceed  500  acres  each,  the  February  floods 
would  have  covered  a  little  more,  and  among  the  March  floods,  except 
that  of  1913,  no  flood  would  have  covered  as  much  as  1000  acres.  In 
the  other  basins  the  conditions,  as  shown  in  the  diagram,  are  very 
similar,  larger  areas,  of  course,  being  submerged  in  the  larger  basins. 
In  chapter  VIII  the  frequency  of  flooding  in  the  basins  is  enlarged 
upon. 

The  dams  will  not  be  responsible  for  all  the  flooding  within  the 
basins.  In  1913,  within  the  Germantown  basin,  Twin  Creek  over- 
flowed 2045  acres,  nearly  70  per  cent  of  the  acreage  that  would  be 
submerged  in  the  basin  during  a  flood  similar  to  that  of  1913  with  the 
dam  in  place.  In  the  Lockington  basin  this  proportion  is  about  90 
per  cent,  and  in  the  other  basins  about  50  per  cent. 

A  discussion  of  the  value  of  silt  deposits  to  the  soil  would  be  out 
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of  place  here,  except  to  bring  out  the  fact  that  the  manner  in  which 
water  is  held  back  in  a  retarding  basin  promotes  settlement  of  nearly 
all  materials  held  in  suspension.  Such  deposits  will  be  greater  than 
in  the  case  of  overflow  by  rapidly  flowing  flood  water  as  in  the  past. 
Also,  the  comparatively  still  water  will  make  impossible  repetition  of 
the  destruction  of  farm  land  by  strong  currents. 

Chapter  VIII  contains  a  description  of  the  methods  used  in  esti- 
mating the  extent  of  submergence  for  such  floods  as  have  happened  in 
the  past. 

BACKWATER  ACTION   IN  RETARDING   BASINS 

A  retarding  basin,  when  filled  to  high  levels  by  a  great  flood,  pre- 
sents practically  a  level  water  surface,  much  as  in  the  case  of  a  lake 
fed  and  drained  by  a  river.  The  lowest  portion  of  the  city  of  Troy 
being  but  a  few  feet  above  the  spillway  level  of  the  Taylorsville  dam, 
it  was  of  interest  to  ascertain  the  exact  nature  of  the  transition  curve 
from  the  slope  of  the  stream  to  the  water  in  the  basin,  that  would  be 
developed  at  the  upper  end  of  this  basin  during  maximum  flood  con- 
ditions ;  and  to  determine  what  effect,  if  any,  the  construction  of  the 
Taylorsville  Dam  would  have  upon  this  low  land  in  Troy. 

Computations  showed  that  the  greatest  increase  in  stage  at  the 
upper  end  of  the  basin,  due  to  this  transition  curve,  amounts  to  less 
than  two  feet  when  the  water  surface  at  the  lower  end  is  at  the  crest 
of  the  spillway.  At  this  stage  the  inflow  from  the  assumed  maximum 
flood  is  no  longer  the  maximum  flood  flow  of  the  stream,  but  has 
dropped  to  a  rate  equal  to  the  outflow  capacity  of  the  outlet  conduits. 
Larger  backwater  effects  result  during  the  earlier  periods  of  the 
storm  when  the  inflow  is  very  large  but  when  the  basin  is  flUed  only 
in  part,  and  such  transition  effects  are  later  covered  by  the  water  in 
the  basin.  For  maximum  conditions  it  was  found  that  the  surface 
slope  in  the  lower  portion  of  the  basin,  for  about  7  miles  above  the 
dam,  would  total  but  a  fraction  of  an  inch.  Only  in  its  upper  por- 
tions, where  the  cross  sections  are  much  reduced  by  the  shallower 
depths,  would  the  water  surface  show  any  rise. 

Inasmuch  as  the  flow  entering  and  passing  through  the  Taylors- 
ville and  Huffman  retarding  basins  will  be  larger  in  proportion  to  the 
normal  flow  than  in  any  of  the  other  basins,  the  backwater  effect  in 
these  basins  will  be  greater  than  in  the  others.  It  should  be  especially 
pmall  in  the  Englewood  basin  where  the  movement  of  the  water 
through  the  basin  is  greatly  reduced  by  the  small  discharging  capac- 
ity of  the  outlets. 


CHAPTER  v.— CAPACITIES  OF  BASINS 

.  The  alternation  of  broad  and  narrow  sections  in  the  valleys  of  the 
Miami  watershed,  affords  favorable  opportunities  for  the  storage  of 
large  volumes  of  flood  water  by  the  construction  of  dams  at  reason- 
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able  cost.  The  five  basins  of  the  Miami  Conservancy  District  develop 
only  a  portion  of  the  storage  possibilities  available  on  the  Miami  River 
and  its  tributaries.  These  natural  topographic  advantages  for  reser- 
voir location  were,  however,  somewhat  lessened  by  the  necessity  for 
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These  eurves  indicate  the  capacity  in  acre  feet  in  any  basin  for  different  water 

surface  elevations. 

avoiding  excessive  interference  with  cities,  villages,  and  railroads. 
Questions  regarding  the  effects  of  backwater  on  such  existing  develop- 
ments required  careful  study  and  economic  balancing  before  a  final 
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decision  could  be  made  as  to  the  most  desirable  storage  capac&ty  to 
be  developed  at  each  of  the  various  sites. 

CHARACTEMSTICS  OP  CXJRVES  FOR  AREA  AND  CAPACITY 

The  area  and  capacity  curves  of  figures  37  and  38  show  for  each 
basin  the  area  submerged  in  acres  and  the  capacity  in  acre  feet  for 
all  depths  of  water.  The  data  used  in  plotting  them  was  obtained 
from  planimeter  measurements  on  detailed  topographic  maps  of  the 
basin  locations.  As  explained  in  a  previous  Technical  Report,*  these 
maps  were  based  on  complete  topographic  surveys  made  by  stadia 
methods.  Small  scale  topographic  maps,  showing  the  general  features 
of  each  basin  are  given  in  figures  39  to  43  inclusive. 

The  principal  characteristics  of  the  area  and  capacity  curves  of 
the  different  basins  are  as  follows. 

The  area  below  spillway  elevation  is  greatest  in  the  Taylorsville 
basin,  the  other  basins  in  order  of  area  being  Huffman,  Englewood, 
Lockington,  and  Germantown.  The  area  below  spillway  elevation 
varies  from  about  17  square  miles  at  Taylorsville  to  5^^  square  miles 
at  Germantown.  The  area  curves  of  the  five  basins  are  of  the  same 
general  type,  the  surface  area  varying  roughly  as  the  three-halves 
power  of  the  depth.  The  Taylorsville  and  Huffman  basins  bear  close 
resemblance  in  the  rapidity  with  which  their  surface  broadens  out  as 
the  depth  increases,  while  the  curves  for  the  Englewood  and  German- 
town  basins  show  a  more  gradual  rate  of  expansion.  Thie  area  curve 
for  the  Lockington  basin  is  intermediate  between  these.  For  every 
basin,  except  that  at  Germantown,  the  curves  of  area  are  remarkably 
smooth  and  regular.  The  depression  in  the  Germantown  curve  near 
elevation  800  is  due  to  the  presence  of  a  considerable  amount  of  flat 
bottom  land  in  the  valley  near  this  elevation. 

The  storage  capacity  at  spillway  level  is  greatest  at  Englewood, 
the  other  basins  in  order  being  Taylorsville,  Huffman,  Germantown, 
and  Lockington.  The  figures  of  the  following  table  aid  in  visualizing 
the  storage  capacities  of  the  different  basins  at  spillway  elevation. 


Basin 

Surface  Area  at  Spill- 
way Level,  8q.  Ml. 

Average  Depth  of 
Water.  Feet 

storage.  Feet  Depth 
Over  One  8q.  Mi. 

£nslewood 

121 

17 

144 

51 

39i 

17 
18 
30 

17J 

487 
291 
261 
166 
109 

Taylorsville 

Hiuf man 

Germantown 

Lockinzton 

•  History  of  the  Miami  Flood  Control  Project,  by  C.  A.  Bock ;  Technical  Re- 
ports, Part  il,  The  Miami  Conservancy  District,  Dayton,  Ohio,  1918. 
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The  rapid  broadening  of  the  Taylorsville  basin  surface  causes  its 
storage  volume  to  increase  at  a  high  rate  after  spillway  level  is  passed. 
The  Huffman  storage  also  increases  rapidly,  while  the  lowest  rate  of 
increase  is  at  Germantown.  The  capacity-depth  curves  of  figure  38 
do  not  show  the  minor  depressions  which  appear  in  the  corresponding 
area-depth  curves.  Without  exception  they  are  remarkably  smooth 
and  regular.  * 

EXPONENTIAL  CTJRVES  FOR  AREA  AND  CAPACITY 

Inspection  of  the  area  and  capacity  curves  for  the  different  basins, 
figures  37  and  38,  su^ests  the  possibility  of  approximating  these 
curves  by  lines  having  definite  mathematical  equations  of  the  ex- 
ponential type.  This  operation  permits  calculus  methods  to  be  used 
in  solving  problems  regarding  inflow  and  outflow  relations  for  the 
basins,  and  makes  possible  a  great  saving  of  time  and  labor  in  certain 
kinds  of  computations  concerning  retarding  basin  action. 

For  any  depth  of  water  in  a  retarding  basin,  let 

A = area  of  water  surface,  in  acres, 

S==  storage  volume  of  retarding  basin  at  same  depth,  in  acre  feet. 

If = corresponding  depth  of  water  in  basin  at  dam,  in  feet, 

0  =  corresponding  outflow  rate,  in  acre  feet  per  hour, 

C= constant,  depending  on  form  and  dimensions  of  retarding  basin, 

fi==  constant,  depending  on  size  and  construction  of  outlet  tunnel. 

• 

In  the  basins  of  the  Miami  Conservancy  District,  it  was  found 
practicable  to  approximate  the  area  curves  by  semi-cubic  parabolas 
having  the  type  equation: 

A=^cn^  (1) 

When  the  approximate  area  curves  are  established  by  this  formula, 
the  corresponding  storage  curves  are  automatically  fixed  as  five-halves 
power  parabolas,  since  d8==^AdH,  giving 

8  =  fAdH=jiCn^  (2) 

In  order  to  have  these  equations  available  for  use  on  any  retarding 
basin  it  is  necessary  to  determine  two  quantities ;  first  the  constant  C, 
which  will  be  different  for  each  basin ;  and  second,  the  elevation  which 
will  be  considered  as  the  zero  depth  in  the  basin.  In  fixing  these  quan- 
tities there  are  two  conflicting  sets  of  considerations  which  must  be 
kept  in  mind,  each  being  applicable  to  its  own  class  of  problems. 
These  may  be  classified  under :  Case  1,  where  the  zero  depth  may  be 
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PIG.  40.— TOPOGBAPHIC  MAP  OP  ENOLEWOOD  RETAEDINQ  BASIN. 
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no.  42.— TOPOGRAPHIC  MAP  OP  TATLOB8VILLE  BETAEDING  BASIN. 
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FIG.   43.— TOPOGRAPHIC  MAP   OF   HUFFMAN   EETABDING   BASIN. 

varied  to  adjust  the  curve;  and  Case  2,  where  the  zero  depth  is  fixed 
by  outlet  conditions. 

Adjusting  Curves:  Case  1,  Zero  Depth  Variable 

Closest  possible  correspondence  between  the  assumed  semi-parabolic 
curves  and  the  actual  curves  for  the  areas  and  capacities  of  the  basins, 
can  be  secured  more  satisfactorily  by  adjusting  both  the  constant  C 
and  the  elevation  of  zero  depth,  than  by  holding  one  of  these  fixed. 
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In  general,  the  zero  depth  will  be  known  approximately  from  the 
ground  elevation  in  the  neighborhood  of  the  damsite,  but  two  things 
must  be  taken  into  consideration  in  fixing  the  valne  to  be  used  in  the 
equation.  First,  for  very  shaUow  depths  the  area  and  volume  in  the 
retarding  basin  are  small,  uncertain,  and  relatively  unimportant. 
Second,  the  capacity  of  the  basin  at  the  upper  levels,  or  when  nearly 
full,  is  much  the  more  important,  and  therefore  in  fitting  the  above 
equations  to  the  given  data  the  values  for  the  upper  levels  should  be 
given  the  most  weight  in  determining  the  constants  in  the  equations. 

The  procedure  used  in  fixing  the  constants  for  the  basins  o|  the 
Miami  Conservancy  District  was  as  follows:  The  areas  for  a  given 
basin  were  platted  as  abscissas  and  the  corresponding  elevations  as 
ordinates  on  ordinary  coordinate  paper,  and  from  a  curve  sketched 
through  the  points  a  tentative  elevation  of  the  zero  depth  was  deter- 
mined. Using  this  zero  point,  the  depths  and  corresponding  areas 
were  platted  on  logarithmic  cross  section  paper.  The  points  thus  ob- 
tained were  found  to  lie  in  general  on  a  flat  curve  concave  either  up- 
ward or  downward.  If  the  curve  was  concave  upward  it  showed  that 
the  elevation  used  for  the  zero  depth  was  too  low,  or  that  a  hi^^er 
zero  should  be  used  in  reducing  the  values  of  the  depths  previously 
platted.  Hence  the  values  were  replatted  on  the  logarithmic  paper 
reducing  all  depths  by  some  constant  amount  such  as  five  feet  or  what- 
ever seemed  most  suitable.  If  the  first  curve  was  concave  downward, 
then  all  elevations  were  increased  by  a  constant  amount  in  going 
through  the  above  process.  The  trials  were  repeated  until  the  value 
of  the  zero  elevation  to  the  nearest  foot  was  determined  such  that  the 
resulting  points  came  nearest  possible  to  falling  on  a  straight  line. 
The  straight  line  averaging  these  points  was  drawn. 

Starting  with  an  equation  of  the  form  A=iCH*  and  taking  the 
logarithm  of  both  sides  we  obtain  log  A=log  C  +  n  log  H.  Now  if 
log  A  and  log  H  are  platted  as  variables  on  ordinary  coordinate  paper, 
a  straight  line  is  obtained.  This  is  exactly  the  same  straight  line  that 
is  obtained  when  logarithmic  cross  section  paper  is  used.  The  inter- 
cept on  the  area  axis  is  log  C  and  the  tangent  of  the  angle  which  the 
line  makes  with  the  H  axis  is  n.  The  values  of  n  obtained  by  the 
methods  of  the  preceding  paragraph  were  in  general  not  exactly  %, 
although  they  came  surprisingly  close  to  this  value.  However,  a 
slight  change  in  the  value  of  n  could  be  partly  compensated  by  a  suit- 
able change  in  C,  hence  it  was  next  necessary  to  determine  the  best 
equation  when  n  was  arbitrarily  fixed  at  %. 

Besides  having  the  equation  fit  all  the  points  on  the  curve  as  well 
as  possible,  there  were  two  other  criteria  of  particular  importance. 
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First,  the  equation  for  area  should  be  particularly  accurate  just 
below  the  elevation  corresponding  to  the  maximum  flow  line  in  the 
retarding  basin.  Second,  the  total  capacity  of  the  basin  at  the  maxi- 
mum flow  line  should  closely  agree  with  the  value  given  by  the  equa- 
tion. The  first  criterion  waa  satisfied  by  making  the  straight  line  go 
through  a  point  representing  the  area  corresponding  to  an  elevation 
five  feet  below  the  maximum  flow  line.  The  second  test  was  met  by 
drawing  the  straight  line  so  that  the  sum  of  the  plus  discrepancies, 
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FIG.  44.— RELATION  BETWEEN  DEPTHS  AND  AREAS  SUBMERGED  IN 

ENGLEWOOD  BASIN. 

The  curves  were  platted  on  logarithmic  paper,  and  represent  various  assumptions 

as  to  point  of  zero  depth. 


with  the  measured  areas  at  different  depths,  just  equaled  the  sum  of 
the  minus  discrepancies.  The  equations  of  both  these  lines  were  de- 
termined, or  if  possible,  one  equation  that  would  satisfy  both  condi- 
tions, and  from  these  the  ones  to  use  in  subsequent  calculations  were 
selected. 

Figure  44  illustrates  the  application  of  the  above  method  in  deter- 
mining an  exponential  equation  to  fit  the  area-depth  relation  for  the 
Englewood  retarding  basin.    Lines  1,  2,  and  3  of  this  figure  repre- 
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sent  the  curves  obtained  on  the  logarithmic  coordinate  paper  by  as- 
suming the  elevation  of  zero  depth  to  be  770,  780,  and  790  feet.  Of 
these,  line  2  is  seen  to  correspond  most  nearly  to  a  straight  line.  Line 
4  is  drawn  to  fit  the  data  of  line  2  as  nearly  as  possible  and  to  have 
the  slope  corresponding  to  the  exponent  n=%.  The  equation  of  this 
line  is: 

A  =  8.6(Elev.  — 780)% 

This  line  passes  within  a  foot  of  the  point  of  zero  head  for  the  outlet 
of  this  basin  as  actually  designed.  The  line  through  this  zero  point, 
which  agrees  best  with  the  head-area  data  was  found  to  have  a  slope 
of  1.47,  showing  the  close  agreement  with  the  assumed  value  %.  This 
same  study  was  not  made  for  all  the  other  basins,  and  probably  some 
of  them  would  show  the  most  nearly  straight  line  to  have  a  slope  di- 
verging more  from  %  than  was  found  to  be  the  case  with  the  Engle- 
wood  data.* 

Adjustinjg  Curves:  Case  2,  Zero  Depth  Fixed 

In  inflow  and  outflow  computations  by  calculus  methods,  where 
the  outflow  is  expressed  in  terms  of  the  head  on  the  outlet  conduit  by 
equations  of  the  type  0=Bff^,  it  is  very  desirable,  for  the  sake  of 
simplicity,  to  have  this  value  of  H  equal  to  that  in  the  area  and  capac- 
ity formulas,  equations  (1)  arid  (2).  This  condition  fixes  the  position 
of  the  point  of  zero  depth  with  reference  to  the  floor  of  the  proposed 
conduit,  as  explained  on  page  119. 

In  this  case  it  is  not,  in  general,  possible  to  adjust  the  exponential 
curves  to  correspond  with  the  areas  and  depths  at  a  variety  of  points, 
but  the  nature  of  the  problem  to  be  solved  determines  the  particular 
points  which  should  be  given  most  weight  in  adjusting  the  curves.  In 
computations  for  the  design  of  outlet  conduits,  it  is  important  to  have 
the  total  storage  volume  of  the  basin  accurate  at  the  greatest  depth 
which  will  be  attained  under  the  conditions  for  which  the  computa- 
tions are  made,  usually  the  depth  at  spillway.  It  is  found  by  expe- 
rience that  when  this  condition  is  fulflUed,  the  particular  shape  of  the 
storage  curve  makes  relatively  little  difference  in  the  results  of  the 
outflow  computations.  The  method  of  adjusting  the  curves  in  Case  2 
requires  no  detailed  explanation.  The  use  of  logarithmic  cross-section 
paper  is  convenient  for  this  purpose. 

*For  a  much  more  complete  discussion  of  the  process  of  usiug^  log^arithmic 
paper  to  derive  empirical  equations  to  fit  experimental  data,  see  *'  System  makes 
Easy  Determination  of  Empirical  Formulas,"  by  E.  W.  Lane  in  Engineering  News 
Record  of  September  20,  1917,  Vol.  79,  page  554,  and  CorneU  Civil  Engineer  of 
February  1919. 


CHAPTER  VI.— FLOW  THROUGH  OUTLET 

CONDUITS 

GENERAL  DESIGN  OF  OUTLET  CONDUITS 

The  outlet  conduits  of  the  five  retarding  basins  of  the  Miami  Con- 
servancy District  are  of  two  types,  as  shown  in  figures  15  and  16, 
pages  61,  63.  Those  at  the  Germantown  and  Englewood  dams  are 
culverts  or  tunnels  several  hundred  feet  long,  passing  under  the 
earthwork  of  their  respective  dams  as  shown  in  figure  16 ;  while  those 
at  the  Lockington,  Taylorsville,  and  Huffman  dams  are  relatively 
short,  extending  only  through  the  concrete  spillway  structures  as 
illustrated  in  figure  15.  The  former  design  avoids  the  difficulty  and 
cost  of  constructing  open  spillway  and  outlet  channels  through  the 
high  dams  at  Englewood  and  Germantown. 

In  all  cases  the  outlet  conduits  are  constructed  so  as  to  minimize 
resistance  to  flow.  The  entrance  edges  are  rounded  off  in  easy  curves 
in  order  to  avoid  loss  of  head  at  this  section.  An  especially  rich  mix- 
ture of  concrete  is  used  in  the  walls  of  the  conduits,  and  unusual  pre- 
cautions were  taken  during  construction  t&  secure  smooth,  hard,  and 
uniform  inside  surfaces. 

In  order  to  take  full  advantage  of  the  desirable  features  of  th^e 
orifice  type  of  retarding  basin  outlet,  it  was  necessary  to  set  the  outlet 
conduits  as  low  in  the  dams  as  could  be  done  without  danger  of  ob- 
struction by  silting  or  freezing.  This  was  accomplished  by  locating 
the  permanent  tunnel  floors  at  or  slightly  below  ordinary  low  water 
mark.  The  floors  are  level  in  the  three  short  outlet  structures,  fmd 
slightly  sloping  in  the  two  longer  ones. 

At  the  Englewood  and  Germantown  outlets  a  single  tunnel  would 
have  formed  a  less  expensive  construction  than  the  twin  conduits  actu- 
ally adopted.  The  latter  were  chosen,  however,  in  order  to  permit 
the  flow  through  one  of  them  being  diverted  to  the  other  during  the 
dry  season,  in  case  it  should  become  desirable  at  some  future  period  to 
make  examinations  of,  and  repairs  to,  the  lining. 

In  the  design  of  all  outlet  structures  of  the  system,  the  water  ap- 
proaches the  conduit  entrances  by  way  of  a  gradually  narrowing 
channel  with  concrete  walls  and  floors.  The  transition  from  channel 
to  conduit  occurs  without  offset  or  abrupt  change  in  direction  of 
bottom  or  sides. 

At  their  downstream  ends  the  conduits  in  every  case  discharge 
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into  a  gradually  broadening  concrete  channel.  Beginning  at  a  short 
distance  below  the  conduit  exits,  the  floor  of  this  channel  curves 
downward  and  becomes  a  stepped  incline  leading  into  a  deep  pool 
confined  between  the  side-walls.  As. described  in  detail  in  Part  III 
of  the  Technical  Reports,*  the  purpose  of  this  pool  is  to  cause  the 
formation  of  a  hydraulic  jump  or  standing  wave  which  will  dissipate 
the  energy  of  the  water  issuing  from  the  conduits.  Below  the  pool 
the  outlet  channel  is  crossed  by  two  concrete  weirs  whose  purpose  is 
to  regulate  the  transverse  distribution  of  the  outflowing  water. 

CHARACTERISTICS  OF  INDIVIDUAL  OUTLETS 

Gennantown  Outlet  Conduits 

The  permanent  outlet  from  the  Germantown  retarding  basin  con- 
sists of  two  parallel  conduits  each  546  feet  long,  as  shown  in  figure 
16.  The  floors  of  the  conduits  are  flat,  and  the  roofs  are  formed  by 
parabolic  arches  which  curve  down  nearly  to  the  floor  on  either  side, 
the  side  waUs  being  only  about  four  feet  high.  Each  culvert  is  13 
feet  wide  by  9  feet  1  inch  high  inside,  and  has  a  cross-sectional  area 
of  91  square  feet.  The  conduit  floors  are  inclined  so  that  the  down- 
stream ends  are  one  foot  lower  than  the  upstream  ends,  the  slope  being 
1  in  560. 

As  indicated  in  figure  45,  an  important  feature  of  the  design  of 
the  outlet  conduits  for  this  basin  consists  in  the  provision  for  tem- 
poraiy  conduits  much  larger  than  the  final  permanent  outlets,  to  pro- 
tect the  earth  dam  from  floods  during  the  period  of  construction.  The 
temporary  conduits  are  22  feet  10  inches  high  from  floor  of  invert  to 
crown  of  arch,  and  have  a  cross-sectional  area  of  252  square  feet  each. 
At  the  close  of  the  construction  period  the  lower  portions  of  the  tem- 
porary conduits  are  to  be  filled  with  unscreened  gravel  or  crushed 
rock,  and  a  permanent  concrete  floor  built,  resting  on  the  S-inch 
shoulders  specially  provided  for  that  purpose.  The  transition  from 
the  temporary  to  the  permanent  floor  at  the  lower  end  of  the  conduits 
is  indicated  in  figure  58.  A  similar  arrangement  was  adopted  at  the 
intake  end. 

Englewood  Outlet  Conduits 

The  outlet  from  the  Englewood  retarding  basin  consists  of  two 
conduits,  similar  in  construction  to  those  at  the  Qermantown  dam. 
The  principal  dimensions  of  each  permanent  conduit  are :  length  709 
feet,  inside  width  13  feet,  inside  height  10^^  feet,  cross-sectional  area 

•  Fydniidie  Jump  and  Backwater  Curves,  by  S.  M.  Woodward,  R.  M.  Riej^l, 
and  J.  C.  Beebe;  Technical  Reports,  Part  III,  The  Miami  Conservancy  IHstrict, 
Dayton,  Ohio,  1W7. 
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1081^  square  feet,  slope  1  in  709.  The  temporary  outlets  are  22  feet 
6  inches  high  inside,  and  have  each  252  square  feet  cross^ectional 
area.     This  area  will  be  reduced  by  filling  the  lower  portion  with 


FIG.  45.— SECTION  THROUGH  GEBMANTOWN  DAM  OUTLET  CONDUITS. 

Tile  conduit  on  the  right  shove  the  large  capodtj  opening  built  to  safeguard 
the  dam  during  the  construction  period.  On  the  left  is  shown  the  Anal  form,  irith 
restricted  opening,  required  for  the  proper  operation  of  the  basin. 

gravel  or  crushed  rock  covered  with  a  concrete  slab,  as  in  the  ease  of 
the  Germantown  outlets. 

Lockington  Outlet  Structure 

The  outlet  from  the  Lockington  retarding  basin,  shown  in  figure  46, 
consists  of  two  parallel  conduits  each  46  feet  long,  9  feet  wide,  and  9 
feet  2  inches  high.  The  fioors  are  level  and  the  side  walls  vertical, 
while  the  roofs  are  slightly  arched.  Each  opening  has  a  cross-sectional 
area  of  79  square  feet.  The  partition  or  pier  between  the  conduits  is 
9  feet  wide  and  80  feet  long,  extending  somewhat  both  upstream  and 
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FIG.  «.— COMBINED  OUTLET  AND  SPILLWAY  8TBUCTUEE  AT  LOCK- 
INGTON  DAM. 

CroM  seetioD  A-A  ahowa  the  form  of  outlet  provided  for  tenponiTy  nee  dar- 
ing tbe  eoDBtniction  of  the  dam.  The  dotted  lines  show  the  final  ■pillw&j  crest, 
bridge  over  Bpillway,  aod  locAtiou  of  the  two  outlet  tunnels.  The  relative  posi- 
tiong  of  ipiUnay   aod   tunnels  are   further  shown   in   the   plan   and  longitudinal 
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downstream  from  the  covered  portion  of  the  conduits  in  order  to  give 
proper  support  to  the  spillway  above.  These  piers  are  rounded  off  in 
streamline  curves  at  their  upper  and  lower  ends. 

The  combined  spillway  and  outlet  structure  of  this  basin  is  similar 
to  those  built  at  the  Taylorsville  and  Huffman  dams,  the  one  at  Huff- 
man being  shown  in  figure  15.  The  structure  is  built  across  a  channel 
formed  by  two  massive  retaining  walls  which  cut  through  the  earth 
dam.  This  channel  is  left  open  for  flood  protection  during  the  con- 
struction period,  as  shown  in  figure  46,  and  is  not  obstructed  by  the 
spillway  structure  until  the  earthwork  is  nearly  completed.  The  bot- 
tom width  of  the  temporary  outlet  channel,  at  its  narrowest  portion, 
is  27  feet,  the  walls  have  a  side  slope  of  1  horizontal  to  3  vertical,  and 
their  maximum  height  .is  78  feet. 

Taylorsville  Outlet  Structure 

The  Taylorsville  retarding  basin  outlet  is  similar  in  all  respects  to 
that  at  Lockington,  except  that  it  has  four  parallel  outlet  conduits  in- 
stead of  two.  The  principal  dimensions  of  each  of  these  conduits  are: 
length  40  feet,  width  15  feet,  height  19  feet  2  inches,  area  279  square 
feet.  The  piers  separating  the  conduits  are  each  11  feet  thick  and  86 
feet  long  over  all. 

The  temporary  outlet  channel  or  sluiceway  provided  at  the  Tay- 
lorsville dam  for  the  construction  period  is  of  the  same  type  as  at 
Lockington.  Its  base  width  is  93^  feet,  slope  of  side  walls  1  hori- 
zontal to  3  vertical,  and  extreme  depth  77  feet. 

Huffman  Outlet  Structure 

The  outlet  conduit  structure  at  the  Huffman  retarding  basin,  see 
figure  15,  is  of  the  same  type  as  those  at  Lockington  and  Taylorsville, 
except  that  three  conduits  are  required.  The  chief  dimensions  of  each 
conduit  are :  length  40  feet,  width  15  feet,  height  16  feet  4  inches,  area 
235  square  feet.  The  piers  between  the  conduits  are  11  feet  wide  and 
82  feet  long. 

The  concrete  sluiceway  in  which  the  spillway  and  outlet  structure 
is  set,  and  which  is  to  be  left  open  for  flood  protection  during  the  con- 
struction period,  has  a  base  width  of  67  feet,  side  slopes  of  1  hori^ 
zontal  to  3  vertical,  and  extreme  depth  of  73  feet. 

SUPERIORITY  OF  OUTLET  CONDUITS  TO  WEIRS 

Various  kinds  of  retarding  basin  outlets  were  considered  in  the 
early  studies  made  in  connection  with  the  Miami  Valley  flood  protec- 
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tion  project.  Much  attention  was  given  to  different  types  of  notched 
or  stepped  spillway  weirs.  As  the  studies  progressed  it  became  evi- 
dent that,  for  purposes  of  pure  flood  control,  the  orifice  type  of  re- 
tarding basin  outlet  possesses  two  important  advantages  over  all  other 
types  available.    These  may  be  stated  as  follows : 

(1)  For  a  given  maximum  flood  and  retarding  basin  capacity,  the 

orifice  type  of  outlet  secures  the  smallest  peak  outflow  rate. 

(2)  For  floods  less  than  the  maximum  the  orifice  type  of  outlet  mini- 

mizes the  extent  and  time  of  land  flooding  in  the  retarding 
basin  area. 

In  deciding  upon  the  final  plans  for  the  five  basins  of  the  Bliami  Con- 
Bervaney  District,  these  advantages  led  to  the  choice  of  conduit  outlets. 

Comparison  of  Types  of  Outlets 

Figures  47  to  50  are  given  to  illustrate  the  reasons  for  the  superi- 
ority of  orifices  to  other  types  of  retarding  basin  outlets.  Figure  47 
ahows  the  general  nature  of  several  possible  types  of  outlets,  and 
figure  48  gives  the  characteristic  discharge  curves  for  these  outlets. 
The  important  features  of  each  type  are  summarized  as  follows : 

(1)  Orifice  outlet:  tunnel,  conduit,  oi  gate.  Equation:  Q^C^H^. 
The  discharge  curve  for  outlets  of  this  type  is  convex  downward,  indi- 


S     Orifice  Q-C,M^    (D     Triangular  Notch        Q-CjUi 

Rectangular Hofef]      Q'C,Hi    (?)    Flat  Created  h^ir    Q-C^lti)J^ 
@  Siphon    Q-  CsVf 
FIG.  47.— VAEIOUe  POSSIBLE  TYPES  OF  BETABDINO  BASIN  OUTLETS, 
n  a  group;  bIbo  the  discharge 


eating  a  large  discharge  at  low  heads,  and  small  variation  of  discharge 
with  head  at  high  heads.  The  outlet  thus  acts  vigorously  during  the 
early  stages  of  a  flood,  getting  rid  of  much  water  before  the  arrival 
of  the  fiood  peak,  and  yet  holds  down  the  outflow  rate  to  a  relatively 
uniform  value  while  the  flood  peak  enters  the  retarding  basin  and 
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raises  the  water  level  to  its  greatest  height.  The  strong  action  of  the 
orifice  at  low  heads  prevents  the  basin  from  filling  deeply  or  long 
during  a  minor  flood. 

(2)  Vertical  slit:  sluiceway.  Equation:  <?  =  C2J5P*.  In  this  type 
of  rectangular  outlet,  both  the  velocity  and  the  area  of  flow  are  re- 
duced at  low  heads,  making  the  discharge  curve  concave  downward 
and  therefore  unfavorable  for  flood  control  for  reasons  opposite  to 
those  given  under  (1). 
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FIG.  48.— DISCHARGE  CURVES  CHARACTERISTIC  OF  VARIOUS  TYPES 

OF  RETARDING  BASIN  OUTLETS. 

The  diagram  shows  the  relation  between  head  and  discharge  for  each  of  the 
types  of  outlet  shown  in  figure  47.  The  orifice  type  is  seen  to  give  the  greatest 
discharge  for  low  heads  and  the  least  for  maximum  heads. 

(3)  Triangular  notch.  Equation:  Q^^CJS^^,  This  type  of  outlet 
represents  in  a  general  way  the  class  of  notched  or  stepped  spillways, 
or  series  of  several  spillways  at  different  levels.  The  discharge  curve 
is  concave  downward,  and  is  even  more  unfavorable  for  flood  control 
than  the  curve  of  the  preceding  case. 
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(4)  LeTel-crested  weir:  ordinary  spillway.  Equation:  Q=^ 
C^{H — !>)'*.  This  outlet  is  not  suitable  for  pure  flood  control,  but 
is  used  where  the  water  below  spillway  level  is  stored  for  pdwer  or 
other  purposes.  The  discharge  curve  is  very  unsatisfactory  from  the 
standpoint  of  retarding  basin  operation,  having  a  low  outflow  rate 
daring  the  initial  stages  of  a  flood  and  high  rate  of  increase  of  outflow 
with  head  at  maximum  discharge. 

(5)  Siphon  outlet.  Equation :  Q  =  CJI  i.  This  kind  of  outlet 
is  suitable  for  flood  protection  only  in  cases  where  the  storage  capacity 
of  the  basin  below  the  siphon  inlet  is  reserved  for  power  development 
or  other  purposes.  The  discharge  curve  is  very  favorable  for  flood 
control  under  these  conditions,  having  all  the  desirable  characteristics 
of  case  1.  When  the  siphon  once  starts  working  it  acts  vigorously 
and  uniformly. 

Examples  Showing  Action  of  Different  Outlets 

It  is  difBcult  to  visualize  the  complete  action  of  a  retarding  basin 
outlet  during  a  flood,  on  account  of  the  close  interrelation  between  the 
effects  due  to  time  and  storage  and  those  due  to  the  peculiarities  of 
the  outlet  To  aid  in  this,  the  following  arbitrarily  chosen  example  is 
worked  out,  showing  the  effect  of  an  outlet  of  each  of  the  above  types, 
on  a  uniform  flood  passing  through  a  basin  of  given  capacity. 

Data  assumed:  Maximum  flood,  2000  acre  feet  per  hour,  lasting 
20  hours.  Maximum  allowable  head  in  basin,  100  feet.  Storage 
capacity  of  basin  at  this  head,  20,000  acre  feet.  Storage  in  basin 
varies  as  2.5  power  of  head. 

Found  by  trial:  The  size  of  each  type  of  outlet  (neglecting  fric- 
tion) necessary  to  develop  the  full  storage  of  the  basin  during  the 
maximum  flood.    These  values  are  as  follows : 

(1)  Orifice,  circular  opening  11.9  feet  in  diameter;  (7i=sll6. 

(2)  Vertical  sluiceway,  opening  3.24  feet  wide,  the  full  height  of  the 

dam ;  C,  =  1.43. 

(3)  Triangular  notch,   angle   of  opening   5   degrees,    10   minutes; 

(73  =  0.016. 

(4)  Bectangular  weir :  crest  elevation  assumed  at  75  feet,  length  48.7 

feet ;  C^  =  15.35. 

(5)  Siphon:  top  of  inlet  assumed  at  75  feet  elevation,  diameter  of 

circular  opening  18.8  feet ;  C^  =  185. 

Data  desired:  (A)  Outflow-time  curves  showing  the  degrees  of 
protection  afforded  by  the  basin  during  the  maximum  flood,  using  out- 
lets of  the  different  types. 
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(B)  Curves  showing  the  extent  and  duration  of  land  flooding  in 
the  basin  itself  during  a  flood  less  than  the  maximum,  using  outlets  of 
the  different  types. 

Method  used:  The  step  method  used  in  construction  of  the  outflow- 
time  curves  is  explained  in  the  following  chapter. 

Results:  (A)  Figure  49  shows  the  outflow  curves  for  the  different 
outlets  during  the  maximum  flood.  The  ratios  of  maximum  outflow 
rate  to  maximum  inflow  rate  for  the  different  outlets  in  this  case  are 
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FIG.  49.--OOMPARISON  OF  OUTFLOW  CURVES  FOB  VARIOUS  TYPES  OF 

RETARDING  BASIN  OUTLETS. 

Eaoh  outflow  curve  is  drawn  for  a  flood  wave  of  2000  acre  feet  per  hour  last- 
ing  20  hours,  as  shown  by  the  solid  black  lines,  and  assuming  a  retarding  basin 
capacity  of  20,000  acre  feet.  The  oiftlete  are  of  the  several  types  shown  in  figure 
47,  with  dimensions  as  given  on  page  129.  The  orifice  type  is  seen  to  give  the  least 
maximum  discharge  and  require  the  least  time  for  emptying  the  basin. 


as  follows:  orifice,  0.58;  vertical  slit,  0.71;  trian^lar  notch,  0.80; 
rectangular  weir,  0.96;  siphon,  0.68.  The  protection  afforded  by  the 
orifice  outlet  is  seen  to  be  much  greater  than  that  of  its  nearest  com- 
petitor. The  curves  bring  out  clearly  the  superiority  of  the  orifice 
outlet  in  beginning  to  act  on  the  flood  promptly,  discharging  the  crest 
uniformly,  and  emptying  the  basin  rapidly  after  the  peak  passes. 
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(B)  Figure  50  shows  flooding  curves  in  the  retarding  basin  using 
outlets  of  the  different  types,  during  a  flood  one-half  as  intense  and 
lasting  one-half  as  long  as  the  assumed  maximuiji  flood.  These  curves 
illustrate  the  advantage  of  the  orifice  outlet  in  minimizing  land  flood- 
ing in  the  retarding  basin  during  minor  floods.    The  curves  for  the 
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PIG.  50.— DUBATION  OF  FLOODINO  AND  ACREAGE  SUBMERGED  IN  RE- 
TARDING BASIN  FOR  VARIOUS  TYPES  OF  OUTLET. 

Tbe  time  of  submergence  is  shown  for  different  areas  flooded,  assuminii;  a 
flood  mflow  of  1000  acre  feet  per  hour  lasting  10  hours,  and  a  retarding  basin  ca- 
pacity of  20,000  acre  feet.  The  orifice  type  is  seen  to  submerge  not  only  the  least 
amount  of  land  but  to  empty  the  basin  in  the  shortest  time. 


spillway  and  the  siphon  are  omitted  from  this  diagram  as  the  condi- 
tions under  which  they  act  in  this  case  are  not  strictly  comparable  to 
those  of  the  other  three  types. 
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EFFECT  OF  TATLWATER  LEVEL  OH  COHDUIT  OUTFLOW 

Since  the  floors  of  the  outlets  of  the  basins  of  the  Miami  Con- 
servancy District  are 'located  at  or  below  mean  low-water  mark,  these 
outlets  during  large  floods  will  be  partially  or  wholly  below  tailwater 
level.  From  this  fact  it  might  be  incorrectly  inferred  that  the  usual 
formulas  for  submerged  orifices  are  applicable  to  these  cases,  and  that 
the  tailwater  elevations  have  an  important  influence  on  the  discharge 
from  the  outlets.  In  the  early  studies  for  the  project  careful  investi- 
gations were  made  to  determine  the  probable  tailwater  rating  curve 
at  each  of  the  damsites.  As  the  plans  of  the  system  progressed  to 
more  advanced  stages,  however,  it  became  evident  that  on  account  of 
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FIG.  51.— RELATION  BETWEEN  CRITICAL  DEPTHS  OF  WATEB  IN 
TAYLORSVILLE  OUTLET  CONDUITS  AND  ELEVATION  OF  TAIL- 
WATER. 

The  curves  are  drawn  for  low  discharges  and  show  that  except  at  very  low  heads 
the  tailwater  level  is  always  below  the  outflowing  water  level. 


the  high  conduit  velocities  and  the  special  design  of  the  outflow  chan- 
nels to  secure  the  hydraulic  jump,  the  discharge  rates  from  the  con- 
duits, at  high  heads,  are  entirely  independent  of  tailwater  depths. 
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The  theoretical  analysis  of  the  reasons  for  this  independence  of 
conduit  outflow  and  tailwater  depth  is  fully  given  in  Part  III  of  the 
Technical  Reports,  previously  referred  to.  In  brief,  the  water  issuing 
from  the  conduit  exits  spreads  out  on  the  downward-sloping  incline 
below  the  conduits  with  a  velocity  greater  than  the  critical  velocity 
corresponding  to  its  depth,  and  rises  suddenly  to  tailwater  level  as 
soon  as  the  tailwater  becomes  deep  enough  to  produce  the  hydraulic 
jump.  Variations  in  tailwater  level  within  certain  limits,  therefore, 
only  move  the  position  of  the  jump  up  and  down  the  incline  and  do 
iiot  affect  the  discharge  from  the  conduits. 

For  the  case  where  the  conduits  are  flowing  only  partly  full,  an 
additional  reason  for  the  independence  of  conduit  discharge  and  tail- 
water  level  is  found  in  the  location  of  the  actual  tailwater  surface 
with  respect  to  the  surface  of  limiting  discharge  from  the  conduits. 
When  a  constriction  occurs  in  the  cross  section  of  an  open  channel, 
and  the  water  surface  above  is  held  at  constant  elevation,  the  amount 
of  water  passing  the  constriction  increases  as  the  surface  level  of  the 
water  below  is  lowered,  until  a  critical  or  limiting  discharge  is  reached 
which  cannot  be  increased  by  further  lowering  of  the  downstream 
surface.  The  surface  elevation  corresponding  to  this  limiting  dis- 
charge at  the  exit  of  a  typical  outlet  of  the  Miami  Conservancy  Dis- 
trict, is  plotted  in  figure  51.  As  this  curve  falls  entirely  above  the 
tailwater  rating  curve  for  the  river  at  this  section,  except  at  very  low 
heads,  it  is  evident  that  in  this  case  the  tailwater  elevation  cannot  limit 
the  conduit  discharge.  The  methods  of  computing  the  quantities 
shown  in  figure  51  are  further  discussed  later  in  this  chapter  in  con- 
nection with  the  derivation  of  formulas  for  outflow  in  conduits  partly 
fuU. 

SELECTION  OF  ROUGHNESS  FACTOR  n 

In  connection  with  the  design  of  the  outlet  tunnels  a  study  was 
made  of -all  the  available  data  on  the  flow  of  water  through  large  con- 
crete conduits.  In  the  case  of  these  tunnels  it  was  as  important  that 
the  discharge  should  not  exceed  the  estimated  amount,  as  that  it  should 
not  be  less  than  this  amount.  An  error  either  way  might  seriously 
afFect  the  efBciency  of  the  retarding  basin  system.  If  the  actual  out- 
flow should  prove  greater  than  the  calculated  values,  the  estimated 
protection  to  cities  below  would  be  partially  destroyed;  while  if  it 
should  prove  smaller,  the  water  might  rise  to  a  dangerous  height  be- 
hind the  dams.  It  appeared  probable  that  if  the  concrete  surfaces 
were  to  be  made  as  smooth  as  practicable. the  value  of  n  in  Kutter's 
formula  would  be  below  .013,  and  quite  likely  less  than  .012,  but  there 
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was  considerable  probability  that  the  smoothness  of  the  surface  would 
deteriorate  with  time.  In  the  actual  design  a  value  of  n=.013  was 
adopted  as  a  conservative  mean  between  present  and  future  conditions. 

Although  the  collection  of  data  on  which  this  choice  of  n  was 
based  is  too  extensive  for  reproduction  in  this  report,  a  few  of  the 
representative  results  are  given  for  purposes  of  general  comparison. 
For  a  more  comprehensive  study  of  this  subject  the  reader  is  referred 
to  U.  S.  Department  of  Agriculture  Bulletin  No.  194,*  from  which  a 
large  part  of  the  following  data  is  taken. 

Kern  River  Conduit:  Rectangular,  7  by  8  feet,  mostly  concrete 
lined  tunnel.  Mean  measured  velocity  at  6.5  feet  depth  was  2.3  per 
cent  greater  than  computed  with  n  =  .012. 

San  Gabriel  Power  Tunnels:  4.5  feet  wide  and  4  feet  deep,  mortar- 
lined.    Tunnel  No.  15,  n  =  . 0127.    Tunnel  No.  23,  ti=. 0115. 

Los  Angeles  Supply  Conduit:  Mortar-lined;  n  =  .0112  to  .0109. 

Umatilla  Project  Reinforced  Concrete  Pipe:  Diameter  46  inches; 
n  =  .0112. 

Jersey  City  Aqueduct:  Concrete  lined;  average  of  tests,  n=.0121. 

Sulphur  Creek  Wasteway,  Sunnyside  Project,  IT.  S.  Reclamation 
Service:  Concrete;  circular  section,  radius  4  feet;  velocity  20.6  feet 
per  second;  ti=.0108. 

Dry  Creek  Flume,  Handy  Canal  Loveland,  Colorado:  Rectangular 
concrete  channel  lined  with  cement  mortar,  trowel  finish;  7i=.0115. 

Ridenbaugh  Canal,  Nampa — ^Meridian  Irrigation  District,  Idaho: 
Trapezoidal  concrete  channel;  very  smooth,  hand  troweled,  cement 
wash  on  base  of  concrete.  Tangent,  ti=.0110;  tangent  and  curve, 
w  =  .0121. 

Long  Pond  Chute,  Ft.  Collins,  Colorado:  Reinforced  concrete  rect- 
angular chute;  velocity  12.9  and  19.7  feet  per  second;  w  =  .0125  and 
.0123  respectively. 

While  the  data  summarized  above,  indicates  in  a,  general  *way  the 
proper  value  of  n  for  use  in  the  design  of  the  outlet  tunnels,  it  was 
found  difficult  in  the  more  detailed  study  to  obtain  consistent  results 
regarding  the  exact  effects  of  variations  in  the  shape  or  surface  finish 
of  the  conduits.  This  difficulty  may  be  due  to  the  presence  of  errors 
in  the  published  experiments,  or  to  the  fact  that  Kutter's  formula  does 
not  give  precise  results  when  applied  to  large  covered  conduits. 

•  Flow  of  Water  in  Irrigation  Channels,  by  Fred  C.  Scobey,  BuUetin  No.  194, 
U.  8.  Department  of  Agriculture,  1915. 
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FORMULAS  FOR  OUTFLOW,  CONDUITS  FLOWING  FULL 

Notation 

Q= outflow  discharge  rate,  in  second-feet, 

il  =  combined  cross-sectional  area  of  conduit  openings,  in  square 

feet, 
J7=>  effective  head,  in  feet  (see  page  127), 
Ir= length  of  conduit,  in  feet, 
£=hydraidic  radius  of  conduit  section,  in  feet, 
C=Chezy  coef&cient  for  conduits  (see  page  145), 
c  =3  coefficient  of  discharge  for  conduits  (see  page  145), 
I>= depth  of  flow  at  governing  section  of  outflow  channel,  in  feet, 
5= width  of  flow  at  governing  section  of  outflow  channel,  in  feet, 
w= weight  of  a  cubic  foot  of  water, 
n= roughness  term  in  Eutter's  formula. 

^  Fundamental  Principles 

When  the  depth  of  water  in  the  retarding  basins  of  the  Miami 
Conservancy  District  becomes  great  enough  to  cause  the  conduits  to 
flow  full,  the  rate  of  discharge  may  be  computed  by  a  formula  similar 
to  that  used  for  the  discharge  from  ordinary  orifices : 

Q  =  cAy/2gH  (4) 

The  derivation  of  the  coefficient  c  to  make  proper  allowance  for  f ric- 
tion  in  the  conduits  is  taken  up  later.  We  will  first  consider  the  cor- 
rect head  jff  to  be  used  in  such  a  formula. 

In  the  case  of  an  ordinary  orifice  discharging  freely  into  the  air, 
the  head  to  be  used  is  measured  from  the  surface  of  the  water  in  the 
reservoir  to  the  center  of  gravity  of  the  orifice.  If  such  an  orifice, 
however,  discharges  into  an  open  trough  or  flume,  having  a  cross  sec- 
tion of  the  same  shape  and  size  as  the  orifice,  and  having  a  longitudinal 
profile  level  or  with  only  sufficient  slope  to  maintain  the  initial  veloc- 
ity, the  discharging  stream  has  no  free  fall  after  efflux,  but,  on  the 
contrary,  its  weight  is  fully  supported  by  the  flume,  and  the  proper 
head  to  use  in  this  case  is  measured  from  the  surface  in  the  reservoir 
to  the  surface  of  the  water  in  the  flume  at  the  point  of  efflux. 

If  such  a  flume  should  discharge  at  its  lower  end  freely  into  the 
air,  a  drop-off  curve  would  be  formed  on  the  surface  of  the  water  near 
that  end.  If  the  flume  were  short  enough,  this  drop-off  curve  would 
extend  back  to  the  orifice,  and  might  lower  the  water  surface  there,  or 
reduce  the  pressure  in  the  stream,  so  that  the  effective  head  would  be 
greater  than  that  measured  to  the  water  surface. 
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An  aDalogous  phenomenon  is  visible  when  a  stream  discharging 
from  the  end  of  a  horizontal  pipe  has  a  free  fall  in  the  air.  If  iHd 
velocity  is  low,  the  pipe  does  not  remain  full  to  the  end,  but  flie 
greater  the  velocity  of  eflSux,  the  more  nearly  full  the  pipe  remains  at 
the  end. 

The  conduits  through  the  dams  empty  into  open  conduits  having 
a  floor  practically  level  for  a  short  distance,  24  feet,  with  a  cross  sec- 
tion at  first  just  the  same  as  the  closed  conduits,  but  immediately  be- 
ginning to  widen  laterally.  The  question  to  be  determined,  then,  is 
whether  the  lateral  expansion  below  the  outlet  ends  of  the  conduits 
and  the  steepened  floor  some  distance  downstream  could  operate  to 
increase  the  effective  head  at  the  conduit  portal.  For  the  light  that 
it  may  throw  upon  the  general  relation  of  the  quantities  involved,  the 
simplest  possible  ideal  case  will  first  be  considered,  namely,  a  uniform, 
frictionless,  rectangular,  horizontal,  open  conduit,  carrying  water  at 
a  high  velocity,  and  discharging  freely  into  the  air. 

Drop-off  Curve  at  the  End  of  a  Horizontal  Flume 

In  accordance  with  the  conditions  that  will  prevail  in  the  Miami 
Conservancy  District  conduits  when  carrying  floods,  let  it  be  assumed 
that  the  initial  velocity  in  the  flume  is  considerably  higher  than  the 
critical  velocity. 

Then,  as  shown  in  Technical  Reports,  Part  III,  previously  referred 
to  in  this  chapter,  if  friction  be  ignored,  and  if  the  channel  be  of  uni- 
form width,  there  will  be  according  to  the  usual  backwater  theory 
three  cases  of  surface  slope,  as  follows : 

(a)  If  the  bottom  of  the  channel  be  level,  the  surface  will  also  be  a 
level  parallel  line. 

(6)  If  the  channel  slope  slightly  downward,  the  surface  curve 
will  be  almost  straight  but  sloping  downward  a  little  more  than  the 
bottom.  Case  I,  figure  9,  page  35  of  Part  III. 

(c)  If  the  bottom  of  the  channel  slope  slightly  upward,  the  sur- 
face curve  will  rise  more  steeply  than  the  bottom.  Case  VI,  figure  9, 
page  35. 

If  friction  be  considered,  then  the  surface  backwater  curve  will  be 
either : 

(d)  Case  C,  figure  25,  page  51,  when  the  bottom  slopes  downward, 

(e)  Case  J,  figure  32,  page  55,  when  the  bottom  is  level, 

(/)  Case  L,  figure  34,  page  57,  when  the  bottom  slopes  upward. 
In  the  last  three  cases  the  depth  increases  in  the  direction  of  fiow. 
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If  our  horizontal  flume  has  a  free  drop-off  at  its  end,  there  must  be 
some  sort  of  a  drop-off  curve,  which  the  ordinary  backwater  theory 
fails  to  give.  The  reason  is  plain, — ^the  ordinary  backwater  theory 
ignores  vertical  components  of  velocity,  and  it  is  these  vertical  com- 
ponents which  give  the  drop-off  curve  under  consideration.  The  fol- 
lowing is  an  attempt  to  establish  a  rational  theory  for  computing 
sneh  drop-off  curves. 

Since  the  drop-off  curve  to  be  studied  is  relatively  very  short,  the 
importance  of  friction  is  correspondingly  unimportant,  and  for  the 
present  will  be  ignored.  Let  figure  52  represent  the  horizontal  flume 
cariying  water  at  a  uniform  velocity  Vi  until  it  approaches  the  free 
drop  at  the  end  of  the  flume. 

Let  y^  =  the  uniform  depth, 

y^  =  the  depth  at  the  end  of  the  flume, 

y  =  the  depth  at  any  intermediate  point  of  the  drop-off  curve, 

IT  =  velocity  head  corresponding  to  the  velocity  T^i^T^iV2fl'. 

At  the  brink  the  velocity  of  the  water  will  be  speeded  up  by  the 
additional  head  available.  The  upper  fllament  has  aii  additional  head 
amounting  to  y^  —  y,  to  be  converted  into  velocity;  while  the  lower 
filament  has  an  additional  available  head  amounting  to  y^.  It  is  to  be 
noticed  that  the  direction  of  the  velocity  of  the  upper  fllaments  at  the 
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PIG.  52.— DBOP-OPF  CUBVE  OF  WATER  8XTEFACE  AT  END  OF  FLUME. 


brink  will  be  inclined  in  an  amount  corresponding  to  the  suddenness 
of  the  drop-off  curve.  The  fact  that  the  velocity  is  inclined  raises  an 
obstacle  to  the  use  of  Bernoulli's  theorem  in  its  ordinary  simple  form. 
It  will  be  shown  later,  however,  that  by  the  use  of  Newton's  Second 
Law  of  Motion  we  may  calculate  y^  and  v^  at  the  brink,  where 

1^2  =  the  vertical  depth  (not  normal  to  the  actual  velocity),  and 
v,= average  horizontal  component  of  velocity  at  the  brink  (not 
actual  inclined  velocity). 
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Distribution  of  Internal  Pressure 

It  seems  desirable  first  to  study  conditions  prevailing  generally 
throughout  the  droJ)-oflf  curve,  in  order  to  derive  some  basic  relations 
necessary  to  establish  the  length  and  amount  of  the  drop-off  curve. 
Let  us  consider  in  detail  the  conditions  prevailing  at  a  section  whose 
depth  is  y,  figure  52.  Let  a  equal  the  vertical  acceleration  of  the 
upper  filament.  The  bottom  filament  has  no  vertical  acceleration. 
Intermediate  filaments  are  assumed  to  have  a  vertical  acceleration 
proportional  to  their  intermediate  position.  Let  z  be  the  depth  from 
the  surface  to  any  such  intermediate  filament,  and  a^  its  acceleration. 

Then,  at  any  depth,  z, 

ao  =  a  (  1 ) .  (5) 


When  any  matter  has  a  downward  acceleration  its  apparent  weight  is 
reduced  by  an  amount  proportional  to  the  acceleration.  If  the  ac- 
celeration becomes  equal  to  g,  the  weight  reduces  to  zero.  Since  the 
upper,  filaments  have  a  vertical  acceleration,  their  weights  are  reduced 
and  they  press  less  heavily  on  the  lower  filaments.  This  reduction  of 
pressure  permits  the  lower  filaments  to  be  accelerated  as  well  as  the 
upper  filaments. 

The  average  acceleration  from  the  surface  down  to  the  depth  z,  is 
a — a{z/2y).    The  unit  pressure,  therefore,  at  any  depth  z  is 


[■-i('-|;)]-  =  ['-|+i^] 


wz.  (6) 


At  the  top,  where  2  =  0,  the  pressure  is  zero,  while  at  the  bottom, 
where  z  =  y,  the  pressure  is  (1  —  V2[(^/9])^y*  ^t  any  point  the 
horizontal  pressure  is  the  same  as  the  vertical  pressure.  Hence  the 
total  horizontal  pressure  acting  on  the  section  y  may  be  found  by  in- 
tegrating the  above  expression  with  respect  to  z  between  the  limits  0 
and  y.    Hence, 

Total  horizontal  pressure  «|     (1 '""o")  ^^ 

-"[r(--:)4r]-"a-^)«'-  <" 

Equation  (6)  is  illustrated  by  the  curve  AE  in  figure  53;  it  is  the 
equation  of  a  parabola.  Using  for  convenience  w  equal  1,  CB  is  drawn 
equal  to  AB,    The  point  D  is  so  taken  that  CD/AB  =  a/g. 

Then  the  line  AD  represents  (1 — [a/g])z.  The  point  E  is  mid- 
way between  C  and  D,  and  the  curve  from  J.  to  £  is  so  drawn  as  to 
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represent  the  parabolic  distribution  of  pressure  along  the  vertical  y. 
The  parabola  is  tangent  to  AD  at  A,  and  at  £  is  tangent  to  a  line  par- 
allel to  AC. 

Figure  53  looks  reasonable  enough,  but  equation  (7)  shows  that, 
if  the  total  horizontal  pressure  is  assumed  to  be  zero  at  the  brink,  a/g 
must  equal  %.    It  then  follows  that  near  the  upper  filaments  the  pres- 
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SECTION  Y,  FIGURE  52. 

sure  will  actually  become  less  than  zero.  It  is  probably  more  reason- 
able to  assume  that  at  the  brink,  on  account  of  the  convergence  of  the 
upper  and  lower  filaments,  the  total  pressure  is  not  quite  zero.  If  it 
may  Ze  assumed  that  at  the  brink  a=»g,  the  total  horizontal  pressure 
there,  by  equation  (7),  would  be  {w/6)y^*. 

Shape  of  the  Surface  Curve 

We  may  now  apply  Newton 's  Second  Law  to  a  mass  of  the  stream 
beginning  upstream  where  the  depth  is  yj  and  ending  at  any  point  in 
the  drop-off  curve  where  the  depth  is  y  and  the  corresponding  hori- 
zontal velocity  is  V.  During  a  brief  time  dt  the  change  in  momentum 
of  such  a  mass  is  {^vy^Vidt/g)  {V — FJ.  The  unbalanced  force  pro- 
ducing the  change  of  momentum  is 


w    ^  /I       a  \    , 


.•.^»iFi(V-V.)(ft-=w(^-f  +  ^!/»)*.  (8) 

Sinee  y,7, =yV,  T— F,=  V,  (y,  —  y)  /y. 

Snbstitating  in  (8)  and  simplifying 

*7"  f  ^V'  -y^'^  ^y^*  -  3»»  +  2  Ji/».  (9) 
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Substituting  K  for  y^*/2g  equation  (9)  becomes 


which  may  be  written 


\2Kyi^  -  \2Ky,y  =  3yi«j/  -  3y»  +  2 -y', 

Q 


(10) 


3_2a 


^     *Kyx        g 

"      4X  +  yi  "^  ZyMK  +  tfi)  *^' 


(11) 


For  numerical  values  of  a  size  such  as  are  important  in  these  con- 
duits, the  last  term  in  the  second  member  of  equation  (11)  is  quite 
small  compared  with  the  first  term.  Hence  the  ecfuation  may  easily 
be  solved  by  trial  for  any  given  value  of  a  by  first  obtaining  an  ap- 
proximate solution  by  ignoring  the  last  term  of  equation  (11)  and 
then  correcting  the  value  first  obtained  by  successive  trials.  When 
a  =  g,  the  value  obtained  for  y  is  the  depth  y,  at  the  brink. 

The  approximate  shape  of  the  drop-off  curve  may  now  be  obtained 
easily  as  follows  : 

Since,  for  the  cases  in  which  we  are  interested,  y  never  differs 
much  from  y^,  it  is  in  some  respects  advantageous  to  let  2)= 
(l/i  —  y)/y\9  iii  which  z  will  vary  from  zero  to  a  small  value  never 
exceeding  a  few  per  cent.  Then  y  =  y,(l  —  z).  Substituting  this 
in  equation  (11),  there  is  easily  obtained 

j_2a  f 

Solving  this  equation  for  a. 

When  2  is  a  small  quantity,  1/(1  —  zY  equals  approximately  l  +  3^> 
whence,  neglecting  all  powers  of  z  higher  than  the  first, 

a  =  8(7(2^-1)2.  (14) 

If  v  =  vertical  component  of  motion,  then  using  one  of  the  funda- 
mental differential  equations  of  motion 

vdv  =  — ady  =  ay^dz  =  3^(2iir  —  y^)zdz  (15) 

v^  =  Sg(2K  —  y,)z\  (16) 

But  v=^—  {dy/dt)=y,dz/dt 
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Hence, 


yidz 


and 


V         V§^A:  -  yi)z 


(17) 


<i  -  /i  = 


yi 


VS^X  -  yi)  ^'  «i 


(18) 


Since  the  time  becomes  infinite  if  z^  is  zero,  the  surfade  drop-off 
curve  must  be  of  infinite  length  approaching  the  depth  y^  as  an  as- 
ymptote. The  shape  of  the  curve  will  be  fairly  well  shown  by  locating 
the  three  points:  where  z  =  Z2  at  the  brink,  where  z  =  0.b^,  and 
where  z  =  O.l^,. 

Since  the  horizontal  velocity  remains  nearly  constant,  the  hori- 
zontal distance  of  the  various  points  from  the  brink  may  be  obtained 
after  the  time  is  known,  by  using  the  initial  horizontal  velocity. 

For  the  Englewood  conduits  the  maximum  velocity  will  be  about 
50  feet  per  second,  and  the  depth  at  the  lower  portal  is  about  8  feet. 
The  following  table  shows  the  calculated  values  for  terminal  drop-off 
curves  having  an  initial  depth  of  8  feet  and  various  initial  velocities 
from  20  to  50  feet  per  second. 


1.  Vi  (feet  per  second) 

2.  X(feet) 

-      4gy» 

«  +  yi 

4.  yt  (feet) 

5.  Zf 

6.  X  for  point  where  2  «  Jss. 

7.  X  for  point  where  x  «  O.lss 

8.  a  at  point  where  x  =  O.l^t 
I  9.  y  at  point  where  z  ^  0.\x% 


20 

25 

30 

35 

6.22 

9.70 

13.99 

19.02 

6.26 

6.63 

7.00 

7.24 

6.61 

6.03 

7.25 

7.45 

.174 

.134 

.094   .069 

5.35 

4.18 

3.98   3.61 

17.78 

13.88 

12.59  11.97 

1.00 

1.96 

2.28 

2.54 

7.86 

7.89 

7.92 

7.94 

7.75 

7.73 

7.72 

7.70 

40 
24.85 

7.40 

7.57 
.053 
3.50 
11.62 
2.73 
7.96 

7.69 


45 

50 

31.45 

38.82 

7.52 

7.61 

7.66 

7.73 

.042 

.034 

3.42 

3.38 

11.37 

11.20 

2.86 

2.93 

7.97 

7.97 

7.69 

7.68 

In  this  table  line  1  shows  the  initial  velocity  in  feet  per  second; 
line  2  is  the  initial  velocity  head  in  feet ;  line  3  is  the  first  term  in  the 
second  number  of  equation  (11),  and  is  the  chief  term  in  making  up 
the  value  of  y, ;  line  4  shows  the  complete  value  of  y,  ^^  ^^  brink  \  line 
5  is  the  corresponding  value  of  z^,  which  may  be  conveniently  thought 
of  as  the  per  cent  by  which  the  original  depth  has  been  reduced  at 
the  brink;  line  6  is  the  horizontal  distance  measured  upstream  from 
the  brink  to  the  point  where  z  equals  one-half  of  z^ ;  similarly,  line  7 
is  the  horizontal  distance  to  the  point  where  21  equals  one-tenth  of  z^ ; 
line  8  is  the  surface  vertical  acceleration  at  the  same  point,  calculated 
by  means  of  equation  (13) ;  so  long  as  z  remains  less  than  one  per 
cent  practically  the  same  value  will  be  obtained  from  equation  (14). 
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It  is  of  interest  to  note  particularly  the  conditions  prevailing  at 
the  point  where  z  =  O.lz^.  Line  9,  in  the  table,  gives  the  depth  of  the 
water  at  this  point,  which  is  to  be  compared  with  the  original  depth  of 
8  feet.  By  using  equation  (7)  the  total  horizontal  pressure  on  a  ver- 
tical cross  section  at  this  point  may  be  calculated.  This  pressure,  of 
course,  is  less  than  the  J>re8sure  in  still  water  of  the  same  depth  would 
be.  For  convenient  comparison  we  have  next  calculated  the  depth  of 
still  water  which  would  give  the  same  pressure  as  actually  exist?  by 
equation  (7).  This  depth  is  given  in  line  10  of  the  table,  showing 
values  always  somewhat  less  than  those  in  line  9. 

The  significance  of  the  figures  in  the  table  may  be  explained  a  little 
more  at  length  using  the  values  in  the  last  column  as  follows : 

As  water  flowing  8  feet  deep  with  a  velocity  of  50  feet  per  second 
in  a  horizontal  flume  approaches  the  brink  or  free  end  of  the  flume, 
the  surface  will  drop  until  at  the  brink  it  is  7.73  feet  deep  or  3.4  per 
cent  less  than  its  original  depth.  One-half  of  this  drop  will  occur  in 
the  last  3.38  feet,  and  nine-tenths  of  the  drop  occurs  in  the  last  11.20 
feet.  At  the  point  11.20  feet  back  from  the  brink,  the  surface  will  be 
dropping  with  a  vertical  acceleration  of  2.93  feet  per  second  which  is 
nearly  one-tenth  the  acceleration  of  a  freely  falling  body.  On  ac- 
count of  this  drop  the  water  exerts  less  weight  and  pre^sur^  thai^ 
would  still  water  of  the  same  depth,  and  the  total  horizontal  pressure 
on  a  vertical  cross  section  of  the  stream  would  be  the  same  as  would 
be  exerted  by  quiet  water  7.68  feet  deep.  This  means  that  for  the 
purpose  of  computing  the  average  velocity  of  efflux  the  total  eflfective 
head  from  a  reservoir  source  to  this  cross  section  should  be  measured 
from  the  water  surface  in  the  reservoir  to  an  elevation  7.68  feet  above 
the  bottom  of  the  flume. 

The  calculations  in  the  preceding  table  will  all  fail  if  the  initial 
velocity  is  assumed  less  than  the  critical  velocity  corresponding  to  the 
assumed  initial  depth,  that  is,  if  the  initial  velocity  head  is  less  than 
half  the  initial  depth.  In  the  table  the  critical  velocity  corresponding 
to  the  initial  depth  of  8  feet  is  16  feet  per  second.  Hence,  if  an  initial 
velocity  of  15  feet  per  second  is  tried,  impossible  results  will  be  se- 
cured. Accordint?  to  equation  (14)  the  acceleration  will  be  negative, 
and  equation  (17)  will  contain  the  square  root  of  a  negative  term,  or 
an  imaginary.  This  corresponds  to  the  fact  that  near  the  end  of  an 
open  flume  the  velocity  cannot  be  less  than  the  critical  velocity  corre- 
sponding to, the  depth.  It  is  analogous  to  the  fact  that  at  the  con- 
trolling section  over  a  smooth  broad-crested  weir,  where  friction  and 
velocity  of  approach  may  be  neglected,  the  depth  must  be  two-thirds 
the  head  on  the  weir  and  the  velocity  head  half  the  depth. 
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It  remains  to  make  more  detailed  application  of  these  results  to 
one  of  our  conduits,  for  which  purpose  the  Englewood  conduits  will 
be  chosen. 

Application  to  Outlet  Conduits 

Each  of  the  Englewood  twin  conduits  is  13  feet  wide  throughout 
its  entire  length,  and  has  an  area  of  107  square  feet.  The  interior 
cross  section  of  the  conduits  is  of  constant  shape  throughout  their 
whole  length,  except  for  a  gradual  transition  in  the  lower  20  feet  of 
each.  Throughout  the  main  length  of  the  conduits  the  arch  is  of 
horse  shoe  shape  with  low  vertical  side  walls,  and  the  height  at  the 
center  of  the  cross  section  is  10.45  feet.  The  experiments  conducted 
on  the  model  for  producing  the  hydraulic  jump,  described  in  Tech- 
nical Reports,  Part  III,  previously  referred  to  in  this  chapter,  showed 
that  there  was  great  difficulty  in  expanding  the  issuing  jet  laterally 
without  serious  impact  against  the  side  waUs,  when  the  jet  as  it 
emerged  from  the  conduit  had  such  a  curved  form  that  in  the  center 
it  stood  much  higher  than  at  the  sides.  To  obviate  this  difficulty  the 
lower  20  feet  of  each  conduit  is  used  as  a  transitional  section  in  which, 
while  maintaining  the  same  constant  cross  section,  the  shape  is  changed 
by  dropping  the  crown  of  the  arch  1.38  feet  and  raising  the  springing 
line  of  the  arch  3.04  feet,  so  that  at  the  portal  the  height  at  the  center 
is  only  9.07  feet,  and  the  top  of  the  issuing  jet  is  a  flat  circular  curve 
having  only  2.17  feet  rise  at  the  center. 

The  average  depth  of  the  issuing  jet  is  107  divided  by  13,  or  8.23 
feet.  The  floor  of  the  conduit  has  a  slight  uniform  grade  throughout 
and  the  floor  of  the  channel  below  the  portal  continues  at  the  same 
grade  for  a  distance  of  24  feet,  and  then  is  given  a  vertical  curve  ap- 
proximating the  parabola  which  a  freely  falling  body  would  follow 
if  it  had  an  initial  horizontal  velocity  of  about  60  feet  per  second. 
Hence,  if  the  water  were  moving  fast  enough,  this  vertical  curve 
would  tend  to  produce  conditions  approximating  the  brink  considered 
in  the  previous  theoretical  discussion. 

Immediately  below  the  portal  the  side  walls  begin  to  expand  later- 
ally by  the  use  of  very  gradual  curves.  Ten  feet  from  the  portal  the 
width  is  13.36  feet ;  at  24  feet  from  the  portal,  where  the  vertical  curve 
begins,  the  width  is  16  feet. 

A  natural  way  to  study  conditions  in  this  outlet  channel  will  be  to 
consider  the  effect  of  one  element  at  a  time.  If  the  velocity  of  the 
emerging  water  should  not  change  during  the  first  10  feet,  the  area 
of  the  cross  section  would  remain  constant  and  the  depth  at  the  10-foot 
point  would  be  107  divided  by  13.36  or  8.01  feet.  The  surface  would 
then  have  dropped  8.23  —  8.01  =  .22  feet.     The  average  hydraulic 
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radius  of  this  channel  is  107  divided  by  29.42  or  3.64  feet  ITsitog' 
n=s.013  in  Kutter's  formula,  C  =  140  approximately,  and  for  a  veloc- 
ity of  50  feet  per  second  the  friction  head  in  10  feet  is  .35  feet.  Hence, 
the  friction  would  require  more  than  the  available  drop,  and  the  result 
would  be  that  kinetic  energy  would  be  taken  from  the  moving  water 
to  overcome  friction.  The  velocity  would  then  be  slowed  down  very 
slightly  in  this  section.  Making  the  calculation  in  a  slightly  different 
way  it  is  found  that  if  the  initial  velocity  is  40  feet  per  second  the  sur- 
face drop  of  .22  is  just  sufficient  to  overcome  friction  in  this  10-foot 
distance. 

Considering  the  next  stretch  of  14  feet  to  the  beginning  of  the 
vertical  curve,  if  the  50-foot  per  second  velocity  were  maintained  un- 
changed in  this  section,  the  depth  at  the  end  of  the  section  would  be 
107  divided  by  16  or  6.69  feet,  with  a  corresponding  surface  drop  of 
1.32  feet.  In  this  section  the  average  hydraulic  radius  would  be  3.64 
as  before,  and  the  corresponding  friction  head  would  be  .49  feet.  This 
leaves  available  .83  feet  which  would  increase  the  original  50-foot 
velocity  to  about  50.5  feet  per  second.  With  a  uniform  velocity  the 
14-foot  distance  would  be  traversed  in  .28  second.  If  the  surface  par- 
ticles dropped  vertically  with  an  acceleration  equal  to  g  while  travers- 
ing this  stretch,  they  could  drop  only  1.25  feet ;  hence,  it  is  apparent 
that  so  far  as  the  surface  particles  are  concerned,  there  would  exist 
somewhere  in  this  stretch  a  condition  somewhat  approaching  a  brink 
such  as  was  discussed  on  the  previous  pages.  This  would  give  an  ad- 
ditional increment  of  velocity  to  the  moving  water  in  addition  to  that 
calculated  above.  This  brink,  of  course,  does  not  exist  so  far  as  the 
bottom  filaments  are  concerned.  Prom  the  previous  theoretical  dis- 
cussion it  seems  evident  that  no  appreciable  effect  of  this  apparent 
brink  could  be  exerted  back  through  the  10-foot  section  to  the  portal 
of  the  conduit.  It  follows,  therefore,  that  the  portal  of  the  tunnel  is 
substantially  the  determining  or  controlling  section  which  fixes  the 
flow,  and  that  the  head  to  be  used  in  calculating  the  flow  is  but  slightly 
greater  than  the  head  measured  to  the  crown  of  the  portal.  Although 
this  head  cannot  be  determined  precisely,  it  seems  probable  that  it 
should  in  all  cases  be  measured  to  an  elevation  between  the  crown  and 
the  average  top  of  the  curved  portal. 

Another  element,  not  so  far  discussed,  which  would  also  affect 
somewhat  the  above  results  is  the  effect  of  the  transition  section  just 
inside  the  conduit  portal,  but  this  effect  would  only  strengthen  the 
conclusion  stated  in  the  preceding  sentence. 
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Losses  of  Head 

Four  sources  of  loss  of  head  may  be  recognized  in  the  flow  through 
the  outlet  tunnels:  (1)  friction  losses  in  the  approach  channel;  (2) 
losses  due  to  eddies  formed  at  the  conduit  entrances;  (3)  friction 
losses  in  the  conduits;  (4)  friction  and  eddy  losses  occurring  between 
the  conduit  exits  and  the  critical  section  of  the  outlet  channel. 

Every  effort  was  made  in  the  design  of  the  outlets  to  minimize  en- 
trance and  exit  losses  by  the  avoidance  of  projections  or  angles  which 
would  interfere  with  the  stream-line  motion  of  the  water  entering  or 
leaving  the  conduits.  For  this  reason,  the  friction  in  the  conduits 
themselves  was  the  only  item  considered  in  the  ordinary  computations 
concerning  tunnel  outflow.  As  previously  mentioned,  the  Chezy  co- 
efficient C  for  the  outlet  tunnels  was  computed  by  Kutter's  formula, 
using  n  =  .013. 

Derivation  of  Outflow  Formulas 

The  formula  for  outflow  from  the  conduits  when  flowing  full  is 
derived  by  Bernoulli's  theorem,  taking  section  1  across  the  supply 
reservoir  and  section  2  across  the  outflow  channel  at  its  critical  sec- 
tion. The  reference  plane  of  zero  elevation  may  be  taken  at  the  sur- 
face of  the  water  at  the  critical  section  of  the  outflow  channel. 

Data:  Section  1:  pressure  head  at  point  in  reservoir  surface  =  0, 
elevation  head=J5r,  velocity  head  =  0. 

Section  2:  pressure  head  at  point  in  surface  of  water  at  critical 
section =0,  elevation  head  =  0,  velocity  liead^Q^/2gA^,  Loss  of 
head  between  sections  land  2=  (L/C^R)  (Q^/A^)  by  Chezy 's  formula. 
Substituting  in  Bernoulli's  theorem, 

"  ~  2gA*  ^  C^RA* '  ^^^' 

Solving, 

Q  =  -^^'^ .  (20) 


^i-' 


2g  '   C'R 
This  equation  may  also  be  written 


.Q  =  cA  ^j2gH    where    c  =     j  — ^^r-j  .  (21) 


1  + 


C^R 


In  making  computations  for  the  outflow  from  the  tunnels  of  the 
Miami  Conservancy  District,  tables  were  prepared  for  the  convenient 
solution  of  this  formula  for  a  variety  of  conditions. 

10 
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Areas  of  Conduits 

In  the  preliminary  stages  of  the  work,  before  the  detailed  design 
of  the  conduits  had  commenced,  it  was  necessary  to  make  computa- 
tions to  obtain  the  approximate  size  of  the  outlet  opening  required  at 
each  of  the  various  dams.  For  these  computations  the  assumption  was 
made  that  the  cross  section  of  the  conduit  would  consist  of  a  semi- 


Area       .(M)b'  •Sff.^)d'W.^S9^' 


FIG.   54.— TYPE   OF   CROSS  SECTION   OF  OUTLET   CONDUIT   USED   IN 

PRELIMINABY  COMPUTATIONS. 

This  type  was  selected  for  convenience  in  computation.     The  fonn  of  cross  section 

as  finally  built  differs  only  in  the  shape  of  the  arch. 

circle  and  rectangle  combined,  as  shown  in  figure  54.  On  this  assump- 
tion an  expression  for  the  size  of  the  conduit  in  terms  of  the  given 
head  and  discharge,  was  determined  as  follows: 

Let  d  =  height  of  conduit  in  feet, 

a  =  A -r- cP  =iT€Ltio  of  area  to  square  of  height, 

r=jB-^-d  =  ratio  of  hydraulic  radius  to  height. 

Take  other  notation  as  on  page  135. 

Using  this  notation,  equation  (21)  may  be  written 


Q  = 


n/4+ 


Transposing, 


L 
(PR 


\k 


2g^C*rd 


(22) 


\2g^  (Pr 


)■ 


(23) 


For  the  particular  type  of  cross  section  shown  in  figure  54  the  values 
of  a  and  r  are  found  to  he  1.259  and  0.289  respectively,-  and  equation 
(23)  becomes, 


d 


=  ^.00983  ^  ( 


d  +  223^ 


)■ 


(24) 


This  formula  may  be  solved  for  d  by  trial,  if  the  other  quantities  are 
given. 


HYDRAULICS   OF  MIAMI  FLOOD  CONTBOL  PBOJSCT  147 

In  using  the  above  formulas  in  the  early  computations  for  Miami 
Valley  flood  protection  studies,  the  head  H  was  taken  as  the  difference 
in  elevation  between  headwater  and  tailwater,  as  previously  explained. 
When  the  design  developed  along  lines  which  rendered  the  conduit 
discharge  independent  of  tailwater  conditions,  it  became  necessary  to 
determine  the  value  of  H  by  successive  approximations.  This  could 
be  done  by  first  making  a  rough  estimate  of  the  height  required  for 
the  proposed  conduit  and  from  this  obtaining  a  trial  value  of  H, 
Using  the  latter,  the  required  conduit  size  could  be  determined  with 
a  reasonably  close  degree  of  approximation,  and  from  this  the  desired 
location  for  the  point  of  zero  head  could  be  found  by  the  methods 
firiven  in  the  preceding  paragraphs. 

FORMULAS  FOR  OUTFLOW--CONDmTS  PARTLY  FXJLL 

When  the  depth  of  water  in  a  retarding  basin  is  not  sufficient  to 
cause  the  outlet  conduits  to  run  full,  the  preceding  formulas  are  not 
applicable,  on  account  of  the  variation  in  the  area  of  cross  section  of 
flow.  In  order  to  make  clear  the  factors  which  govern  the  relation 
between  head  and  outflow  under  these  conditions,  a  brief  summary  is 
given  of  the  theory  of  critical  flow  at  a  constricted  section  of  a  chan- 
nel. A  more  detailed  discussion  of  the  general  subject  of  critical 
velocity  is  given  in  Part  III  of  the  Technical  Reports. 

Principle  of  Critical  Flow 

Consider  a  rectangular  channel,  having  a  level  floor  and  vertical 
side  walls  which  converge  and  diverge  so  that  the  channel  is  narrower 
at  some  sections  than  at  others,  as  in  figure  55.  Neglect  the  effects  of 
friction  and  consider  the  changes  of  cross  section  to  be  so  gradual  that 
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FIG.   56.— PLAN   AND   PROFILE    OP   RECTANGULAR   CHANNEL    WITH 

CONSTRICTION. 
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the  effects  of  curvature  of  the  stream  lines  may  be  neglected.    Use  the 
notation  given  in  figure  55. 

From  the  law  of  continuity  of  flow, 

Q  =  V,B,D,  =  V^J)^  =  V^BJ)^.  (25) 

By  Bernoulli's  theorem,  disregarding  friction, 

E  =  H,  +  D,=H^  +  D,  =  H,  +  D,,  (26) 

^  =  2iBWi'  '^^'^  2^S?W  +  ^'  "  2^B^'  "^  ^"       ^^- 


Transposing, 


)2 


^  =  EBiWi"  -  BiWi^  =  EB^Wi"  -  Bt^i^  =  EB^W^^  -  BJ'Dz^     (28) 

If  the  headwater  depth  E  is  maintained  constant,  the  maximum 
discharge  which  can  pass  the  narrowest  section  of  the  channel  (Sec- 
tion 2  in  figure  55)  is  found  by  differentiation  of  equation  (28) 


d 
~dD2 


Solving: 


(^\  =0  =  2EB2W2  -  3B2*Z)2^  (29) 

D2  =  iE,  (30) 

Hi  =  E  -  D2  =  iE,  (31; 

y,  =  >^^  =  4-  A^  =  0.577  V2^,  (32) 

•V3 

Q  =  Sjy,!),  =  — L  ^  V2(7£.  (33) 

3  VS 

This  result  may  be  summarized  in  the  following  statement.  The 
maximum  discharge  which  can  pass  the  constricted  section  of  a  fric- 
tionless  rectangular  channel  with  constant  headwater  level,  is  that  due 
to  a  critical  velocity-head  of  J^,  and  a  critical  depth  of  Yz  of  the  depth 
of  the  headwater  above  the  floor  of  the  constricted  section. 

The  discharge  obtained  by  applying  this  rule  cannot  be  increased 
by  any  amount  of  lowering  of  the  tailwater  level.  The  rule  may  also 
be  stated :  The  velocity-head  at  any  section  of  a  rectangular  channel 
in  which  the  water  is  flowing  at  critical  velocity  and  depth,  is  one-half 
the  depth  of  the  water  at  that  section. 

Where  the  floor  of  a  channel  is  not  level,  or  there  are  other  pecul- 
iarities in  the  variation  of  the  cross  section,  it  may  not  be  possible  to 
decide  by  inspection  which  cross  section  is  the  critical  or  controlling 
one.    In  this  case  it  is  necessary  to  determine  the  maximtim  discharge 


EY'DBAVLICS   OF  MIAMI   FLOOD   CONTBOL  PROJECT  149 

which  could  pass  each  section  regarded  as  a  possible  critical  section, 
and  to  take  the  least  of  these  maximum  values  as  the  actual  critical 
discharge,  the  section  giving  this  least  maximum  discharge  being  the 
actual  critical  or  controlling  section. 

If,  as  in  figure  56,  the  cross  section  of  a  channel  is  not  rectangular, 
the  critical  area  and  velocity  are  determined  as  follows : 

Headi¥ater    \ 


PIG.  56.-<:jhannel  cross  section  of  irregular  form. 

Let  A  =  area  of  cross  section  at  any  stage  D  measured  above  some 

arbitrary  datum, 

li7=r  surface  width  at  this  stage,  and 

5"= velocity  head  measured  from  the  water  surface  to  the 
fixed  headwater  level. 

The  discharge  at  any  stage  is  given  by 


Q  =  Ay/2gH.  (34) 

For  a  maximum, 

5^  =  0  =  V2^^  +  2-^  .  (35) 

Solving, 

This  result  may  be  stated :  The  critical  velocity  for  maximum  dis- 
charge at  any  cross  section  of  a  channel  is  that  due  to  a  head  equal  to 
half  the  average  depth  of  water  at  the  cross  section. 

After  the  water  passes  the  constricted  section  it  is  possible  for  it 
to  flow  in  the  last  section  at  either  one  of  two  alternative  stages,  shown 
by  the  solid  and  dotted  tailwater  lines  in  figure  55,  the  transition  from 
the  critical  section  being  accomplished  by  smooth  backwater  curves. 
The  relation  between  the  depths  and  velocities  for  these  stages  in  a 
level-bottomed  rectangular  channel  is  given  by  the  cubic  equation, 
formula  (28)  above.  If  the  water  surface  in  the  last  section  is  held 
by  other  means  at  some  level  between  these  two  stages,  the  flow  will 
proceed  down  the  lower  backwater  curve  for  a  portion  of  the  distance 
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in  the  transitional  section,  and  then  form  a  hydraulic  jump  to  reach 
the  required  tailwater  stage.  If  the  tailwater  level  in  the  last  section 
is  held  artificially  at  some  higher  level  than  the  upper  line  shown, 
then  the  level  of  flow  throughout  the  whole  system  will  be  raised,  with 
a  corresponding  reduction  in  the  quantity  flowing. 

Selection  of  Critical  or  Controlling  Section  of  Outlet  Conduits 

In  applying  the  principle  of  critical  flow  to  the  case  of  low-head 
outflow  from  the  retarding  basins  of  the  Miami  Conservancy  District, 
the  flrst  difSculty  which  arises  is  that  of  selecting  the  critical  cross 
section  of  the  outlet  tunnels.  This  question  may  be  best  discussed  by 
reversing  the  order  of  procedure  used  in  deriving  the  formulas  of 
the  preceding  paragraphs.    Figure  57  shows  the  conditions  considered. 


FIG.   57.— TYPICAL   LOW-HEAD    OUTFLOW   CONDITIONS  AT   OUTLET 

CONDUIT. 

Assume  a  value  for  the  depth  D  of  the  flow  at  the  critical  section 
of  a  rectangular  conduit.  The  velocity  head  will  be  V^D,  and  the  total 
eflfective  head  E  at  the  section  will  be  given  by : 

E  =  f  D.  (37) 

The  discharge  will  be  given  by : 

Q=BDV^.  (38) 

Let  F  be  the  head  lost  in  friction  above  the  critical  section,  Tq  the 
elevation  of  the  floor  of  the  critical  section,  and  Y  the  elevation  of  the 
headwater  surface.    We  may  then  write 

Y  ^Yo  +  iD  +  F.  (39) 

If  this  expression  is  evaluated  for  all  possible  cross  sections  of  the 
conduit,  that  cross  section  which  gives  the  largest  value  of  T  vnll  be 
the  actual  critical  section  which  limits  the  discharge  to  the  given  value 
Q.  For  a  conduit  with  level  floor  the  critical  section  is  evidently  at 
the  downstream  exit,  where  F  reaches  its  largest  value. 
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If  the  slope  8  of  the  floor  of  the  conduit  happens  to  be  such  that 
the  depth  of  flow  is  the  same  at  all  sections,  the  friction  loss  F  can  be 
expressed  by  the  equation, 


WC*R' 

(40) 

• 

This  is  obtained  from  the  relations 

y«  =  c«i2f  =  2,2^. 

(41) 

For  a  wide  rectangular  channel  equation  (40)  becomes 

approximately 

(42) 

With  the  aid  of  these  formulas  the  following  rules  may  be  deduced  for 
locating  the  critical  section  corresponding  to  a  given  depth  of  flow  in 
an  outlet  conduit  with  uniform  cross  section  and  sloping  floor. 

(1)  The  critical  section  is  at  the  exit  end  when 

S\<^.  (43) 

(2)  The  critieal  section  is  at  the  entrance  end  when 

(3)  The  critical  section  is  anywhere  in  conduit  when 

For  a  wide  rectangular  cross  section  the  last  term  in  each  of  these 
rules  reduces  to  g/C*. 

In  the  outlet  tunnels  of  the  Miami  Conservancy  District  the  crit- 
ical section  as  determined  by  these  formulas  occurs  in  every  case  at 
the  exit  end  of  the  tunnel. 

Evaluation  of  Friction  Term 

Where  the  depth  aiad  discharge  are  determined  at  one  section  of  a 
chahnel  of  known  cross  section  and  roughness,  as  in  the  above  case,  the 
depth  at  any  other  section  can  be  computed  by  the  use  of  backwater 
formulas.  If  this  is  done  for  all  portions  of  the  outlet  tunnel,  after 
the  critical  section  has  been  found  as  described,  the  friction  term  F 
can  be  evaluated  with  any  necessary  degree  of  accuracy,  and  the  de- 
sired relation  established  between  corresponding  values  of  the  outflow 
Q  and  the  head  T. 
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If  the  curvature  of  the  backwater  surface  within  the  conduit  is  not 
large,  we  may  make  the  usual  assumption  of  considering  the  average 
friction  loss  to  be  equal  to  the  mean  of  the  friction  losses  correspond- 
ing to  the  depths  of  water  at  the  entrance  and  exit.  That  is,  using 
the  notation  of  figure  57 : 


^  =  2c«(F+5r)  =  ^«-^  +  ^^+^(^'*-^*)- 


(46) 


Substituting  the  values  ViDi=sVD^Dy/gD  in  this  equation,  we 
obtain,  for  a  rectangular  conduit 

The  numerical  value  of  F  may  be  determined  in  any  given  case  by 
finding  by  trial  a  value  of  2>i  which  will  satisfy  this  equation.  The 
corresponding  expression  for  a  conduit  in  which  the  cross  sectito  of 
flow  is  not  rectangular  is  somewhat  more  complex,  but  can  be  readily 
derived  from  the  same  principles  as  the  above. 

Summary  for  Flow  at  Low  Heads 

The  successive  steps  of  the  method  which  has  been  given  for  estab- 
lishing a  point  on  the  rating  curve  for  a  conduit  flowing  partly  full 
may  be  summarized  as  follows : 

(1)  Assume  a  depth  of  flow  P. 

(2)  Determine  the  critical  section  by  equation  (43),  (44),  or  (45). 

(3)  Compute  the  outflow  rate  Q  by  equation  (38). 

(4)  Compute  the  friction  loss  by  equation  (47). 

(5)  Compute  the  headwater  elevation  by  equation  (39). 

It  was  found  by  experience  that  moderate  errors  in  computing  the 
outflow  at  low  heads  have  a  negligibly  small  effect  on  the  flnal  result 
in  routing  a  large  flood  through  a  retarding  basin.  For  this  reason, 
in  many  of  the  computations  made  for  the  Miami  Conservancy  Dis- 
trict it  was  not  considered  worth  while  to  go  to  great  reflnement  in 
computing  the  outflow  from  the  conduits  at  low  heads.  In  such  cases 
the  depth  of  flow  and  velocity  head  in  the  tunnels  were  assumed  to  be 
yi  and  yi  respectively  of  the  depth  from  the  floor  to  the  headwater 
surface,  and  the  friction  correction  was  disregarded. 

FORMULAS  FOR  OUTFLOW:  TEMPORARY  OUTLETS 

It  has  already  been  noted  that  temporary  outlets  were  provided  at 
each  of  the  dams  to  protect  the  earthwork  from  being  overtopped  by 
floods  which  might  occur  during  the  period  of  construction.     These 
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temporary,  outlets  were  of  two  kinds:  the  **tunner'  type,  used  at 
Englewood  and  Germantown,  and  the  ** sluiceway'*  type  used  at  the 
other  basiuB. 

Temporary  Tunnel  Outlets 

The  temporary  outlets  of  the  Englewood  and  Oermantown  basins 
consist  of  large  tunnels  whose  cross  sections  are  to  be  partly  filled  in 
at  the  close  of  construction  to  form  the  permanent  outlets.  Hydraulic 
conditions  at  the  exits  of  the  temporary  tunnels  are  indicated  dia- 
grammatically  in  figure  58.    More  detailed  views  are  given  in  figure 

A 

'7de  of  Dam 


FIG.   58.— TYPICAL  OUTFLOW   CONDITIONS   AT    GERMANTOWN   CX)N- 
DUIT   EXIT    WITH    PLOOE   DEPEBSSED    TEMPORARILY. 

The  concrete  conduit  floor  shown  is  that  used  temporarily  during  the  construction 
of  the  dam.     The  final  position  of  the  floor  is  shown  by  the  dotted  line. 

45.  The  water  leaving  the  temporary  tunnels  is  compelled  to  rise  and 
pass  over  a  concrete  bar  or  very  flat  weir,  at  section  CD  in  figure  58. 
The  effective  head  on  the  temporary  outlets  when  they  are  flowing 
full  may  be  approximately  computed  by  the  methods  explained  on 
pages  135  to  147.  If  the  change  of  velocity  between  tunnel  exit 
and  the  bar  CD  is  disregarded,  the  depth  Z>  of  the  water  over  the  bar 
may  be  computed  by 

D=A/B,  (48) 

where  A  is  the  cross-sectional  area  of  the  temporary  conduits,  and  B 
the  width  of  the  outflow  channel  at  the  bar. 

For  extreme  low-head  conditions  the  critical  cross  section  for  de- 
termining the  outflow  from  the  temporary  conduits  is  at  the  crest  of 
the  main  regulating  weir,  EF  in  flgure  58,  below  the  large  pool.  The 
stage  at  which  the  critical  section  recedes  from  this  weir  to  the  tunnel 
exits  could  be  computed,  if  desired,  by  the  methods  previously  given. 
In  the  actual  cases  the  nature  of  the  computations  made  concerning 
the  temporary  outlets  did  not  justify  this  reflnement,  the  approximate 
outflow  at  low  heads  being  estimated  by  the  Vz  and  y^  rule  as  in  the 
case  of  the  permanent  outlets. 
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Temporary  Sluiceway  Outlets 

At  the  Taylorsville,  Huffman,  and  Lockington  basins,  temporary 
outlets  were  secured  by  postponing  the  placing  of  the  combined  outlet 
and  spillway  weirs  until  near  the  completion  of  the  earthwork,  thus 
leaving  an  immense  concrete  open  channel,  or  sluiceway,  through  each 
of  the^e  dams  during  the  construction  period.  Hydraulic  conditions 
at  these  temporary  sluiceways  are  indicated  diagrammatically  in 


t::;:^^^ 


-j^ 


r-»  f-^  r-\  r 
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PIG.    59.— TYPICAL    OUTFLOW   CONDITIONS    THBOUGH    TEMPOBABT 
OUTLET    CHANNEL    AT    TAYLOBSVILLE    DAM. 

The  plan  shows  the  wide  throat  provided  during  the  construction  of  the  dam, 
capable  of  passing  large  volumes  of  water.  The  dotted  outlines  show  the  position 
of  the  concrete  spillway  weir  and  the  four  outlet  conduits  in  the  base  of  the  latter. 


figure  59.  The  concrete  sidewalls  of  the  sluiceways  are  inclined  at 
1  to  3  from  the  vertical,  and,  as  shown  in  the  dia^am,  converge  and 
form  a  contracted  section  at  the  place  where  the  final  spillway  and 
outlet  weir  is  to  be  constructed. 

From  the  discussion  given  on  pages  147  to  150  regarding  the 
theory  of  critical  flow,  it  is  evident  that  the  critical  section  in  these 
temporary  sluiceways  is  at  their  contracted  portion. 

Let  Q,  y,  J),  W,  and  A  be  respectively  the  discharge,  velocity, 
depth,  surface  width,  and  area,  of  the  flow  at  the  critical  section  and 
let  E  be  the  elevation  of  the  reservoir  surface  above  the  fioor  at  this 
section.  Let  Kv  =  Q^/2gA^  be  the  velocity  head  at  the  critical  section, 
and  assume  that  the  head  lost  in  friction  by  the  water  before  reaching 
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this  section  can  be  expressed  in  the  form  Hf=^KHvf  where  JT  is  a  co- 
efficient depending  on  the  form  and  roughness  of  the  channel.    Let 

H^H,  +  H,^{\  +  K)^^.  (49) 

We  may  then  write  for  any  depth  of  flow 

g-g  +  g  =  D  +  ^^^,^.  (60) 

For  maximrim  discharge  at  constant  headwater  depth, 

dE      -      .      2Q^{\ -^  K)  dA  _  .      2WH  . 

_  =  0  =  1  -  --2^-,  — —  _  1  -  -^    .  (51) 

Solving,  H=A/2W, 


E^D+^.  (53) 

These  equations  permit  the  construction  of  a  rating  curve  for  the 
sluiceway,  giving  the  relation  between  Q  and  E  for  all  desired  values. 
The  friction  term  K  can  be  approximately  evaluated  on  the  as- 
sumption that  practically  all  the  friction  loss  occurs  in  the  contracted 
section,  where  the  velocity  is  high.  If  L  is  the  length  of  the  contracted 
section  this  assumption  leads  to  the  following  formula  (derived  as  on 
page  150). 

K-|i.  (54) 

The  friction  becomes  negligibly  small  when  the  flow  in  the  tem- 
porary sluiceways  reaches  any  considerable  depth.  With  the  walls 
and  floors  of  smooth  concrete,  if  the  Chezy  coefficient  C  is  assumed  at 
160,  the  friction  loss  when  D  =  V^L  amounts  to  about  half  of  one  per 
cent  of  the  effective  head.  In  planning  the  temporary  sluiceways  it 
was  at  one  time  intended  to  construct  at  an  early  stage  of  the  work  a 
few  feet  of  the  lower  portion  of  the  piers  between  the  conduit  openings, 
thus  greatly  increasing  the  effective  roughness  of  the  contracted  por- 
tion of  the  channel.  Even  in  this  case,  taking  C  =  58,  the  friction 
term  K  was  found  to  be  only  about  two  per  cent  of  the  effective  head 
at  the  maximum  discharge  of  the  1913  flood. 


CHAPTER  VII.— ROUTING  FLOODS  THROUGH 

RETARDING  BASINS 

ESTABLISHDTG  INFLOW  CURVES  AT  THE   DAMSITES 

In  predicting  the  action  of  the  various  basins  suggested,  one  of 
the  first  steps  was  to  estimate  the  intensity  and  duration  of  floods 
which  might  be  expected  to  occur  above  each  of  the  damsites. 
Since  the  unprecedented  flood  of  March  1913  was  the  immediate  cause 
of  the  undertaking,  it  was  considered  important  to  estimate  the  action 
of  the  proposed  retarding  basins  in  such  a  flood.  A  knowledge  of 
their  probable  effects  upon  lesser  floods  of  the  past  also  was  desired. 
However,  no  direct  measurements  of  the  flow  of  the  1913  flood  or 
previous  floods  were  available  at  or  near  any  of  the  damsites  under 
consideration,  the  only  direct  information  of  this  kind  which  could 
be  secured  being  the  daily  record  of  gage  readings  on  the  Miami  River 
at  Dayton.  The  problem  thus  presented  was  that  of  dividing  up,  or 
pro-rating,  the  Dayton  runoff  of  the  1913  flood,  and  other  floods, 
among  the  various  watersheds  on  which  the  retarding  basins  were  to 
be  located. 

In  the  following  discussion  it  will  be  necessary  to  use  many  times 
several  related  quantities  expressing  total  flows  and  rates  of  flow.  In 
order  to  lessen  confusion  of  these  quantities  the  following  nomencla- 
ture is  consistently  used  throughout  this  chapter.  The  word  runoff 
is  used  to  refer  to  the  total  amount  of  water  flowing  off  during  a  day, 
or  during  a  storm,  and  is  usually  measured  in  inches  of  depth  over  the 
drainage  area.  In  considering  the  action  of  retarding  basins,  the 
terms  total  inflow  and  total  outflow  are  used  to  represent  the  total 
quantity  of  water  which  has  flowed  into  or  out  of  a  basin.  Discharge 
and  inflow  or  outflow  will  be  the  words  used  to  represent  rates  of  flow 
when  measured  in  cubic  feet  per  second  or  acre  feet  per  hour.  Rate 
of  discharge,  rate  of  inflow  or  outflow,  and  rate  of  runoff  will  be  used 
exclusively  to  represent  discharge  per  unit  area,  as  second  feet  per 
square  mile  or  acre  feet  per  hour  per  square  mile. 

The  symbols  used  are  as  follows: 

A  =  area  of  watershed  of  main  river,  in  square  miles, 
a==area  of  watershed  of  tributary,  in  square  miles, 
Qa  =  discharge  from  main  river  during  flood,  in  second  feet  or  acre 

feet  per  hour, 
Qa  =  discharge  from  tributary  during  flood, 
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g  =  maximum  rate  of  discharge  from  main  river,  in  second  feet  per 
square  mile  or  acre  feet  per  hour  per  square  mile, 

9a = maximum  rate  of  discharge  from  tributary,  in  second  feet  per 
square  mile  or  acre  feet  per  hour  per  square  mile, 

g= average  rate  of  discharge  from  main  river  during  any  step, 

^= duration  of  above  step  for  main  river  hydrograph,  in  hours, 

g'= average  rate  of  discharge  from  tributary  during  step  corre- 
sponding to  the  above, 

^'= duration  of  above  step  for  tributary  hydrograph, 
^o  =  9a/9ii  =  i'&tio  of  maximum  discharge  rates, 

r=gVqf==  ratio  of  average  discharge  rates  during  any  step. 

In  determining  the  most  probable  hydrograph  of  a  tributary  from 
the  discharge  record  on  the  main  stream,  three  relations  which  may 
reasonably  be  supposed  to  exist  between  them  should  be  kept  in  mind. 
They  are  as  follows : 

1.  The  total  runoff  from  the  flood,  in  inches  of  depth  on  the  drain- 
age area  of  the  tributary,  should  be  the  same  as  from  the  main  stream. 

There  is  no  reason  for  supposing  that  during  a  widespread  storm 
the  total  rainfall  will  be  materially  greater  on  one  tributary  basin 
than  another,  and  the  topography  of  the  region  does  not  warrant  the 
assumption  of  different  total  runoff  coefficients  in  pro-rating  the  flood- 
flow  among  them.  This  proportionality  between  total  runoffs  is  ex- 
pressed by  the  formula : 

iq'f  =  iqt  (55) 

2.  The  duration  of  the  tributary  flood  should  be  equal  to  the  main 
flood.  Not  to  do  this  is  equivalent  to  assuming  zero  flow  from  the 
tributary  during  part  of  the  period  of  the  main  flood,  which  condition 
is  extremely  improbable.    This  equality  of  duration  is  expressed  by 

S*'  =  2*  (56) 

3.  The  peak  discharge  rate  on  the  tributary  differs  from  that  on 
the  main  stream,  being  usually  larger  since  small  areas,  in  general, 
give  rise  to  higher  rates  of  runoff  than  large  ones.  This  relation  may 
be  expressed  algebraically  by 

(la  =  roqA  (57) 

where  r  is  a  coeflScient  which  depends  upon  the  size  and  other  charac- 
teristics of  the  drainage  areas  in  question. 

During  the  progress  of  the  studies  three  different  methods  were 
used  in  subdividing  the  Dayton  flood  hydrographs  among  the  tribu- 
taries. These  were  known  as,  (1)  the  **  Direct  Area-Ratio  Method, 
(2)  the  ''Sliding  Coefficient  Method''  and  (3)  the  "Rainfall  Method. 


if 
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Inflow  Computed  from  Dayton  Discharge  by  Direct  Ratio  of  Drain- 
age Areas 

This  method  is  based  on  the  assumption  that  all  portions  of  the 
Miami  River  drainage  area  contribute  to  a  flood  in  the  direct  propor- 
tion which  their  respective  areas  bear  to  the  entire  drainage  area, 
and  that  for  any  given  time  interval  the  rate  of  runoff  is  the  same 
over  the  entire  drainage  area. 

The  basin  inflow  curves  computed  by  this  method  agree  with  the 
flrst  and  second  of  the  criteria  previously  mentioned,  since  the  total 
depth  of  runoff  and  the  total  duration  of  the  flood  on  the  tributary  is 
the  same  as  the  runoff  and  duration  of  the  main  flood.  It  fulfills  the 
third  condition,  however,  only  if  r^  is  assumed  to  be  unity,  or  that  the 
peak  rate  of  runoff  on  the  tributary  is  the  same  as  that  on  the  main 
stream.  Such  an  assumption  is  notoriously  wrong  for  normal  rivers, 
the  headwaters  of  which  drain  regions  of  considerable  declivity.  In 
the  case  of  the  Miami  River,  however,  it  may  give  a  fair  approxima- 
tion to  what  actually  takes  place,  for  its  headwaters  drain  a  rather 
level  country  which  on  the  whole  does  not  favor  rapid  collection ;  be- 
sides, the  Lewistown  and  Loramie  Reservoirs  are  important  retarding 
factors.  These  facts  would  lead  one  to  expect  a  degree  of  uniformity 
in  runoff  rates  in  the  upper  watershed  wholly  unlike  the  conditions 
normally  found  to  exist  in  river  basins  of  similar  size.  Our  study 
of  the  February  1916  and  July  1915  floods  on  the  Miami  and  its 
tributaries,  in  which  comparison  is  made  between  the  inflow  as  com- 
puted from  actual  gage  records  and  as  derived  from  the  Dayton 
record  by  different  methods  involving  ratios  of  drainage  areas,  proves 
that  the  direct  ratio  method  gives  fairly  close  results  for  the  large 
tributaries,  notably  the  Stillwater  at  Englewood  and  the  Miami  at 
Taylorsville.  On  the  other  hand,  it  gives  poor  results  for  small  tribu- 
taries which  have  a  rapid  runoff,  as  in  the  case  of  Twin  Creek  and 
Upper  Mad  River. 

Generally  speaking,  the  direct  ratio  method,  though  commending 
itself  on  account  of  its  simplicity,  in  the  end  must  give  peak  rates  of 
inflow  less  than  the  actual,  for  the  reason  that  no  allowance  whatever 
is  made  for  increased  rate  of  runoff  from  such  portions  of  the  water- 
sheds as  do  favor  rapid  collection.  The  effect  of  the  latter  is  to  in- 
crease by  a  small  amount  the  rate  of  runoff  during  the  peak  of  the 
flood.  This  feature  has  an  important  bearing  on  the  rapidity  of  fill- 
ing of  retarding  basins,  and  should  therefore  receive  full  recognition. 
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Inflow  Compttted  from  Dayton  Discharge  by  the  Variable  or  Sliding 

Coefficient  Method 

This  method  is  similar  to  the  direct  ratio  method,  but  takes  care  in 
an  ingenious  manner  of  the  increased  rate  in  runoff  from  small  areas, 
above  referred  to.  In  order  to  establish  this  method  studies  were  first 
made  to  compare  the  results  obtained  by  numerous  published  for- 
mulas which  express  the  relation  between  peak  rates  of  flood  discharge 
from  different  watersheds  having  similar  hydrologic  characteristics 
but  unequal  areas.    Some  of  these  formulas,  together  with  the  results 

Table  3.— Ratios  of  the  Mailinmn  Diacharge  per  Square  lAUe  of  Drainage  Area 

for  eertaln  Miami  Biver  Ttibntarles,  to  the  MaTlmum  Discharge  of  the 

Miami  Blver  at  Dayton,  as  derived  from  various  formulas. 


Miami  River 
at  Dayton  . 

Mad  River. . . 

Loramie  Creek 

Miami  River 
below  Upper 
Dams 

Stillwater 
River 

Twin  Creek . . 


obtained  by  applying  them  to  the  watersheds  tributary  to  the  retard- 
ing basins  of  the  Miami  Conservancy  District,  are  given  in  table  3. 
In  applying  these  formulas  it  was  necessary  to  take  into  consideration 
the  peculiar  fanlike  shape  of  the  Miami  watershed  and  its  effect  on 
the  runoff  rates  at  Dayton.  This  table  also  gives  the  ratios  of  the 
maximum  discharge  rates  for  the  different  watersheds  in  the  1913 
flood,  as  computed  from  high  water  mark  data  at  the  various  damsites, 
proper  adjustment  being  made  for  the  differences  of  rainfall  on  the 
various  watersheds,  and  also  a  few  ratios  obtained  by  direct  measure- 
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ments  in  1914.  For  purposes  of  further  comparison,  additional  data 
is  given  in  table  4,  showing  the  results  of  actual  gagings  obtained  sub- 
sequent to  the  construction  of  table  3.  These  gagings  have  the  usual 
irregularity  of  data  of  this  nature,  but  agree  in  a  general  way  with 
the  calculated  values  of  table  3,  except  in  the  case  of  the  Mad  River 

Table  4.— Ratios  of  the  MaTlirnim  Discharge,  per  Sqnare  BSile  of  Drainage  Area, 

for  certain  Miami  River  Tribataries  to  the  Maximnni  Discharge  of  the 
River  at  Dayton,  as  derived  from  Actual  Flood  Measurements. 


stream  and  Gaclns  SUUon 

DraiD- 
ace 

Areas 

Flood  Dates 

' 

July, 
1016 

Jan.  2. 
1910 

Jan.  18, 
1018 

Feb.. 
1018 

Mar., 
1916 

Aver- 
age    i 

Miami  River  at  Dayton 

2525 
652 
255 

1128 
600 
272 

1.00 
0.76 

•   •  •   • 

1.13 
1.69 
3.96 

1.00 
0.60 

2.24 
1.24 
1.43 
1.56 

1.00 
0.97 
1.06 

0.88 
0.88 
2.21 

1.00 
0.46 

1.94 
1.18 
1.98 
1.64 

1.00 
0.97 

1.62 
1.06 
0.83 
0.97 

1.00 

Mad  River  at  Wrisht  Station 

Loramie  Creek  at  Lockington 

Miami  River  at  Tadmor 

Stillwater  River  at  West  Milton  . 
Twin  Creek  at  Germantown 

0.75 
1.72 
1.10 
1.36 
2.07 

at  the  Huffman  danisite.  The  observed  runoff  rates  for  this  water- 
shed are  uniformly  lower  than  the  computed  ones.  It  is  probable  that 
these  low  flood  runoff  rates  of  the  Mad  River  watershed  are  caused  by 
extensive  deposits  of  gravel  and  porous  material.  The  effect  of  such 
underground  storage  would  be  proportionately  greater  in  moderate 
floods,  such  as  those  given  in  table  4,  than  in  extreme  fldk)ds  such  as 
that  of  1913. 

Columns  11  and  12  of  table  3,  give  the  official  runoff  ratios  adopted 
for  use  in  routing  floods  through  the  basins  of  the  District.  The  values 
in  column  11  represent  the  ratios  of  the  peak  runoff  rates  of  the 
various  tributary  watersheds,  to  the  peak  runoff  rate  at  Dayton  dur- 
ing any  given  flood,  while  the  values  in  column  12  represent  the  corre- 
sponding ratios  of  the  peak  discharges  on  the  tributaries  to  the  total 
peak  discharge  at  Dayton.  It  will  be  noticed  from  inspection  of  the 
figures  given  in  table  3,  that  there  are  considerable  discrepancies  in 
the  ratios  obtained  by  the  various  formulas  and  measurements.  Such 
discrepancies  are  not  uncommon  in  runoff  studies  and  are  to  be  ex- 
pected on  account  of  the  irregularity  of  rainfall,  soil  absorption,  and 
other  factors  which  affect  maximum  flood  discharges.  The  officially 
adopted  values  of  column  11  were  chosen  by  judgment  in  the  light  of 
all  evidence  which  was  available  at  the  time  the  early  studies  for  the 
design  of  the  basins  were  in  progress. 

The  peak  inflow  for  a  given  retarding  basin  in  any  particular 
flood,  as  determined  by  the  methods  just  given,  is  of  no  more  impor- 
tance in  the  study  of  basin  operation  than  the  amount  of  the  total  in- 
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flow  during  the  flood  and  its  distribution  with  respect  to  time.  The 
ratio  r  or  q'/q  evidently  varies  between  its  maximum  value  To,  deter- 
mined as  previously  explained,  and  a  value  of  unity  at  low  stages,  the 
reason  for  the  latter  being  that  during  ordinary  weather  conditions 
there  is  no  reason  for  assuming  that  the  flow  comes  more  from  one 
tributaiy  than  another.  In  a  considerable  number  of  the  computations 
at  the  Miami  Conservancy  District,  the  assumption  was  made  that  the 
ratio  r  varies  uniformly  from  r^,  at  the  maximum  discharge  rate  <j[^, 
to  unity  at  an  arbitrarily  assumed  low  discharge  rate  qs,  as  shown  by 
line  (1)  in  figure  60.    This  low  discharge  was  taken  equal  to  the  re- 


A2 


U 


.4  .6  .3  /.O 

Unit  Runoff  Ratio  r 

FIG.  «0.-^LIDING  OOEFFICTENT  DIAGRAM  BX>B  DETERMINING 
VABIABLE  RATIO  OF  RUNOFF  FROM  DRAINAGE  AREA  ABOVE  ENGLE- 
WOOD   DAM. 


corded  flow  at  the  beginning  of  the  1913  flood.    The  equation  for  the 
ratio  r  as  located  by  line  (1)  is, 


Q        i  (9^  -  Qb) 


(58) 


With  r  assumed  in  this  way,  the  values  of  q'  and  *'  for  each  step  of 
the  tributary  hydrograph  are  easily  computed,  giving  all  the  data 
needed  for  platting  this  hydrograph. 

The  above  straight-line  assumption  for  the  variation  of  r  did  not 
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in  all  cases  give  results  which  were  considered  satisfactory.  One  of 
the.  reasons  for  this  was  that  this  assumption  violates  the  condition 
expressed  'by  equation  (56),  namely:  that  the  durations  of  the  main 
and  tributary  floods  should  be  equal.  Since  on  this  straight  line 
assumption  the  value  of  r  is  greater  than  unity  for  all  steps  considered 
during  the  flood,  it  follows  that  the  new  duration  f  obtained  for  each 
step  will  be  less  than  the  original  duration  t  of  the  corresponding  step, 
and  the  entire  duration  2f  obtained  for  the  tributary  flood  will  be  less 
than  the  duration  2f  of  the  main  river  flood.  The  straight  line  varia- 
tion of  r  thus  tacitly  leads  to  the  assumption  of  zero  flow  from  the 
tributary  during  certain  days  of  the  flood.  This  throws  an  excessive 
amount  of  the  total  runoff  into  the  higher  stages  of  the  flood,  and 
thereby  imposes  an  unnecessarily  heavy  burden  on  the  proposed  re- 
tarding basin.  While  such  a  distribution  of  runoff  is  not  mathe- 
matically impossible,  it  seems  highly  improbable  that  it  should  occur 
during  a  widespread  flood  of  considerable  duration. 

These  difficulties  of  the  straight-line  assumption  for  r  may  be 
avoided  by  letting  r  vary  according  to  some  curve  or  broken  line,  such 
as  line  (2)  in  flgure  60,  which  will  satisfy  the  condition  Sf  =  S^. 
Such  a  curve  must  have  at  moderate  stages  of  the  flood  a  sufficiently 
large  range  of  values  of  r  less  than  unity,  to  balance  the  values  of  r 
greater  than  unity  at  the  high  stages.  If  the  general  shape  of  the 
desired  curve  is  assumed,  its  dimensions  may  be  computed  by  trial 
and  error  methods.  For  instance :  if  the  curve  is  assumed  to  consist 
of  four  broken  lines,  as  in  figure  60,  having  h  ==  2a,  the  value  of  Xy 
which  will  permit  equation  (56)  to  be  satisfied,  can  be  found  by  trial. 

There  is  room  for  much  difference  of  opinion  as  to  the  best  method 
for  determining  the  curve  of  r,  the  final  criterion  being  that  of  expe- 
rienced judgment  regarding  the  probable  shape  of  the  fiood  hydro- 
graph  on  a  tributary  of  the  size  considered.  Results  fully  as  reliable 
as  those  obtained  by  the  use  of  the  above  arbitrary  rules  for  determin- 
ing the  curve  of  r,  might  be  secured  by  sketching  in  by  eye  a  hydro- 
graph  for  the  tributary,  which  would  conform  to  the  conditions  of 
equations  (55),  (56),  and  (57).  The  arbitrary  rules,  however,  have 
the  advantage  that  they  give  consistent  results  when  applied  by  dif- 
ferent computers. 

Attention  should  be  called  to  the  fact  that  in  constructing  infiow 
hydrographs  by  the  sliding  coefficient  method,  it  is  possible  to  intro- 
duce a  considerable  error  into  the  computations  by  taking  from  the 
curves  equivalent  to  figure  60  a  value  of  r  for  each  step  correspond- 
ing to  the  initial  discharge  rate  instead  of  the  average  rate  during  the 
step.    While  this  error  would  practically  compensate'  in  a  fiood  sym- 
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metrical  about  the  peak,  it  does  not  do  so  in  floods  which  are  of  longer 
duration  on  the  falling  than  the  rising  stage,  as  in  the  majority  of 
actnal  casea 

From  the  results  of  the  studies  of  the  Miami  Conservancy  District 
it  was  found,  in  general,  that  if  a  straight  line  variation  for  this  co- 
efficient is  assumed  between  sotne  arbitrary  low  discharge  and  the 
maximuTn  discharge,  the  coefficient  is  on  the  average  somewhat  ex- 
cessive and  gives  consequently  too  high  total  discharge.  In  fact,  it 
exaggerates  all  of  the  flood  peak  except  the  very  crest,  and  conse- 
quently it  introduces  too  much  time  contraction.  This  will  be  clear 
from  the  following  considerations. 

High  rates  of  runoff  from  small  areas  are  caused  by  two  con- 
comitant factors;  great  intensity  of  precipitation,  and  conditions 
favoring  rapid  collection.  Their  joint  effect  is  to  produce  flood  peaks 
which  rise  abruptly  and  subside  nearly  but  not  quite  as  suddenly. 
During  severe  storms,  one  or  more  heavy  downpours  may  occur,  but 
their  duration  is  nearly  always  short,  rarely  lasting  over  half  an  hour. 
The  high  rates  of  discharge  which  are  characteristic  of  small  streams 
and  to  which  the  McMath  ratio  and  similar  formulas  apply,  are  the 
immediate  result  of  such  downpours,  and  are  therefore  also  of  short 
duration.  Flood  peaks  of  this  kind,  when  platted  on  hydrographs, 
present  quite  needle-like  appearances.  Good  illustrations  of  this  may 
be  found  on  the  charts  of  automatic  gage  records  obtained  on  small 
streams. 

During  the  March  1913  storm  probably  several  hard  downpours 
took  place,  and  the  severest  of  these  was  responsible  for  the  excessive 
rates  of  runoff  obtained  on  Twin  Creek  and  some  of  the  lesser  tribu- 
taries of  the  Miami  and  Stillwater  rivers.  Had  these  downpours 
lasted  for  a  protracted  time,  the  total  precipitation  in  the  localities 
affected  would  have  exceeded  by  far  the  average  total  rainfall  which 
fell  on  the  watershed.  This,  while  not  impossible,  would  be  an  excep- 
tional circumstance  not  supported  by  the  records.  During  the  1913 
storm,  especially,  the  rainfall  appears  to  have  been  fairly  evenly  dis- 
tributed, and  no  unusual  maxima  were  observed  at  any  point.  In  all 
of  the  studies  of  routing  floods  through  reservoirs  heretofore  made, 
such  exceptional  conditions  have  been  assumed  not  to  exist. 

As  may  be  inferred  from  the  above  reasoning,  the  variable  co- 
efficient method  should  give  the  best  results  when  used  to  obtain  the 
flow  for  storms  of  short  duration  and  from  small  areas  subject  to  high 
rates  of  runoff.  Referring  again  to  our  study  of  the  February  1916 
and  July  1915  floods,  it  is  seen  that  this  method  fitted  closely  the 
conditions  on  Twin  Creek  and  Upper  Mad  River,  but  gave  excessive 
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values  for  the  larger  tributaries  of  the  Miami  River.  This  is  cor- 
roborated by  other  investigations,  which  proved  that  the  sliding  co- 
efficient method  gave  excessive  values  for  the  March  1913  flood  on 
the  Stillwater  River  and  on  the  Miami  above  Dayton. 

Inflow  Computed  from  Rainfall 

This  is  a  time  honored  method  full  of  uncertainties  and  pitfalls. 
It  requires  a  series  of  assumptions  as  to  the  percentages  of  rainfall 
retained  by  soil  and  vegetation,  and  evaporated  by  the  air,  for  dif- 
ferent time  intervals  throughout  the  duration  of  a  storm  and  also  after 
the  latter  has  ceased.  It  involves  assumptions  as  to  the  time  required 
for  the  remaining  water  to  drain  into  the  watercourses,  and  varying 
rates  of  arrival  at  the  particular  locality  under  consideration.  So 
many  and  so  variable  are  the  factors  which  affect  such  considerations 
that  no  one  stereotyped  method  can  be  laid  down  to  flt  all  cases,  but 
new  assumptions  must  be  made  for  each  storm  and  each  drainage  area. 

Analysis  of  our  figures  of  inflow,  worked  up  from  rainfall  data  of 
the  1913  storm,  show  that  the  selection  df  percentages  of  runoff  was 
influenced  by  forehand  knowledge  of  the  maximum  inflow  rates  which 
had  been  computed  from  measurements  of  the  channels  and  high- 
water  marks.*  Such  a  plan  of  procedure  may  be  entirely  justifiable 
and  good  engineering  practice,  but  furnishes  no  independent  check  on 
inflow  computations  based  on  Dayton  discharge.  For  the  purposes  of 
this  report  the  rainfall  method,  therefore,  will  not  be  considered  in 
detail. 

The  difficulties  and  uncertainties  of  the  operations  discussed  in  the 
preceding  paragraphs  express  the  common  sense  fact  that  a  single 
hydrograph  of  a  main  river  during  a  flood  does  not  furnish  sufficient 
data  to  determine  the  hydrographs  of  individual  tributaries  which 
contributed  to  that  flood.  Fortunately  this  matter  had  no  direct  bear- 
ing on  the  design  of  the  flood  protection  system  for  the  Miami  Con- 
servancy District.  The  actual  design  of  the  dams,  outlets,  and  channel 
improvements  was  based  not  upon  the  1913  flood  but  upon  an  assumed 
Official  Plan  flood  having  a  simple  and  definite  hydrograph  at  each 
of  the  damsites.  However,  at  many  times  during  the  planning  of  the 
system,  especially  in  connection  with  estimates  of  possible  damage  to 
property  in  and  near  the  basins,  it  was  desired  to  answer  questions  as 
to  how  high  the  1913  flood,  or  some  other  flood,  would  have  risen  at 
various  points  if  the  dams  had  been  built.  The  assumptions  de- 
scribed in  the  preceding  appeared  to  furnish  the  most  reasonable  basis 

*  Calculation  of  Flow  in  Open  Channels,  by  Ivan  E.  Houk,  Technical  Reports, 
Part  IV,  The  Miami  Conservancy  District,  Dayton,  Ohio,  IdlS. 


HYDBAULICa   OF  MIAMI  FLOOD   CONTROL  PROJECT  166 

which  could  be  secured  for  giving  an  approximate  answer  to  ques- 
tions of  this  kind. 

Effect  of  Loramie  and  Lowistown  Reservoirs 

An  additional  complication  was  introduced  into  the  determination 
of  probable  inflow  hydrographs  at  the  damsites  of  the  Miami  Con- 
servancy District  by  the  presence  of  the  old  Loramie  and  Lewistown 
reservoirs  in  the  upper  watershed  of  the  Miami  River.  Of  the  total 
of  2525  square  miles  of  watershed  above  Dayton,  an  area  of  181  ^qnare 
miles,  or  7.16  per  cent  of  the  whole,  is  tributary  to  these  reservoirs. 
Unquestionably,  during  the  1913  flood,  and  other  floods  considered,  the 
runoff  from  these  181  square  miles  was  retarded  to  a  greater  or  less 
extent  by  the  reservoirs,  and  did  not  contribute  its  full  intensity  to 
the  flood  peak  at  Dayton. 

This  fact  was  allowed  for  in  different  ways  by  different  members 
of  the  engineering  staff  of  the  District.  In  some  of  the  computations 
made  for  routing  floods  through  the  retarding  basins,  the  presence  of 
the  Lockington  and  Loramie  reservoirs  was  disregarded,  and  the  entire 
drainage  area  of  2525  square  miles  was  used  in  the  denominator  of  the 
fraction  for  pro-rating  the  Dayton  flood  among  the  tributary  water- 
sheds. Other  computations  went  to  the  opposite  extreme  of  subtract- 
ing out  the  entire  181  square  miles  and  using  2344  as  the  denominator 
of  the  pro-rating  fraction.  It  is  probable  that  the  correct  course  lies 
somewhere  between  the  two.  Investigations  made  during  the  progress 
of  the  work  indicated  that  the  peak  outflow  from  the  Lewistown  dam 
iQ  the  1913  flood  was  probably  about  77  per  cent  of  the  peak  flow 
which  would  have  occurred  at  the  same  point  if  the  dam  were  not  in 
existence.  The  corresponding  figure  at  the  Loramie  dam  was  esti- 
mated at  70  per  cent.  As  these  outflows  were  not  only  reduced  but 
retard€d  with  respect  to  the  Dayton  flood  peak,  it  would  appear  that 
not  more  than  about  half  of  the  181  square  miles  tributary  to  the 
Lewistown  and  Loramie  reservoirs  should  be  included  in  the  effective 
drainage  area  above  Dayton  in  estimating  the  peak  inflow  rates  at  the 
various  damsites.  However,  in  estimating  the  total  inflow  during  each 
flood  considered  at  each  of  these  damsites,  it  appears  correct  to  in- 
clude in  the  Dayton  drainage  area  the  entire  amount  of  the  above  181 
square  miles,  since  the  Lewistown  and  Lockington  reservoirs  do  not 
hold  back  the  water  permanently  but  only  retard  it. 

Error  Introduced  through  the  Rectilinear  Method  of  Platting  River 

Stages 

The  gage  records  at  Dayton  are  made  up  of  morning  readings, 
usually  taken  at  7  a.m.    Of  recent  years  the  Weather  Bureau  has 
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made  it  a  practice  to  obtain  special  readings  during  flood  stages,  in- 
cluding the  determination  of  the  maximum  or  crest  stage.  The  earlier 
recbrds,  however,  rarely  make  mention  of  the  crest  stage,  even  though 
it  may  have  been  observed  at  the  time.  How  much  higher  the  water 
rose  during  the  interval  between  observations  cannot  be  gleaned  by 
inspecting  the  published  records.  There  is  danger,  therefore,  of  in- 
troducing material  errors  in  computing  river  discharge  by  indis- 
criminately taking  the  morning  readings  as  representing  average 
daily  conditions  during  flood  stages.  In  this  respect  the  Dayton  record 
presents  the  same  dangers  as  do  the  many  early  river  stage  records 
published  by  the  Signal  Service,  Weather  Bureau,  and  Geological 
Survey. 

An  approximation  to  the  maximum  or  crest  stage  may  be  obtained 
by  platting  the  gage  readings  in  hydrograph  form  and  connecting 
them  with  a  curved  line.  This  method  is  illustrated  in  flgure  61,  show- 
ing hydrographs  of  Miami  River  floods  at  Dayton.  The  small  circles 
indicate  the  gage  readings,  and  the  lines  drawn  through  them  enable 
the  probable  stage  to  be  found  for  any  given  time.  The  dotted  por- 
tions represent  the  interpolated  flood  stages.  It  will  be  seen  that  the 
probable  crest  stage  is  in  most  cases  defined  within  narrow  limits,  and 
is  not  likely  to  be  in  error  by  more  than  a  few  tenths.  Thus,  the  flood 
crest  of  January  18,  1913,  in  the  figure,  can  be  obtained  in  a  number 
of  different  ways  according  to  individual  judgment,  the  two  curves  in 
the  diagram  representing  probable  extremes,  yet  the  crest  stages  do 
not  vary  by  more  than  0.2  of  a  foot. 

An  inspection  of  figure  61  shows  that  there  is  much  similarity 
among  the  hydrographs  of  the  Miami  River  floods.  The  parallelism  ia 
the  ascending  and  descending  curves  is  very  striking,  particularly  in 
the  latter.  In  the  former  it  will  be  found  that  the  steepest  lines  are 
characteristic  of  the  highest  floods.  There  is  also  similarity  in  the 
shape  of  the  crests,  even  between  such  widely  different  floods  as  those 
of  March  1913,  and  July  1915. 

The  usual  practice  in  constructing  flood  hydrographs  is  to  connect 
observed  points  by  straight  lines.  Platted  on  cross  section  paper  this 
gives  rise  to  a  rectilinear  diagram  as  shown  in  a  number  of  cases  in 
figure  61.  The  hydrographs  of  this  figure  bring  out  clearly  the  fact 
that,  if  the  observed  points  are  connected  by  continuous  curves  instead 
of  straight  lines,  the  crest  stage  in  a  number  of  cases  will  be  increased 
by  a  considerable  amount.  The  effect  of  these  increments  is  to  add 
materially  to  the  peak  discharge  as  ordinarily  computed. 

In  order  to  determine  how  much  error  is  introduced  in  the  routing 
of  floods  through  retarding  basins  by  using  the  rectilinear  method  of 
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eompnting  inflow^  the  Pebruary  1909  flood,  which  represents  an  ex- 
treme case^  was  routed  through  the  Englewood  basin  by  both  methods. 
The  solid  line  in  figure  62  shows  the  inflow  into  the  basin  computed 


^  /  2  3  4  ^  6.  7 

Time  in  Days 

PIG.  61.— GBAPHICAIi  DETERMINATION  OP  CREST  STAGES  IN  MIAMI 

BIVBB  FLOOD  HYDR0GBAPH6. 

Observed  river  stages  are  indicated  by  black  dots.  The  mazimnm  stages  were 
obtained  bj  sketching  in  the  curves  and  extending  these  by  means  of  the  dotted 
lines. 


by  the  rectilinear  method,  assuming  direet  ratio  of  drainage  areas. 
The  dotted  line  represents  a  curvilinear  hydrograph  based  on  the  same 
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observed  points,  also  computed  by  the  direct  ratio  of  drainage  areas. 
The  outflow  curves  obtained  by  routing  each  of  these  flood  waves 
through  the  Bnglewood  Basin  are  shown  in  the  figure.  The  principal 
differences  between  the  two  cases  are  summarized  as  follows : 
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FIG.  62.— EECTILINEAB  AND  CUEVILINEAB  HYDROGRAPHS  OF  FEB- 
RUARY 1909  FLOOD  AT  ENGLEWOOD  DAM  SITE. 

The  resulting  differences  in  storage  and  outflow  from  the'Englewood  retard- 
ing basin  obtained  bj  using  the  two  inflow  hydrographs  are  shown  by  the  outflow 
curves  in  lower  portion  of  diagram. 


Assumptions':    Inflow   into    Bnglewood   reservoir  =  651/2525    Q 

(Dayton) ;  conduit  capacity  =  108.8 V-ff  acre  feet  per  hour;  tailwater 
elevation  assumed  as  fixed  at  elevation  778. 

neetlllnear  Inflow      Curvilinear  Inflow 
Curve.  Curve. 

Maximum  surface  elevation,  feet   803.6  805.3 

Maximum  head  -ff,  feet    26.6  '     27.3 

Maximum  inflow  rate,  second  feet   9,250  11,500 

Maximum  outflow  rate,  second  feet   6,660  6,870 

Maximum  storage,  acre  feet  11,140  12,980 

Time  of  filling,  hours  62.5  59 

The  difference  in  maximum  storage  by  the  two  methods,  1840  acre 
feet,  represents  a  deficiency  for  the  rectilinear  method  of  14  per  cent. 
It  is  only  fair  to  state  that  this  flood  wave  represents  a  much  more 
unfavorable  condition  for  the  rectilinear  method  than  obtains  on  the 
average.    At  least  one  instance  was  found  in  which  the  rectilinear 
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method  gave  a  total  discharge  in  excess  of  the  curvilinear.  In  gen- 
eral, however,  the  tendency  is  for  the  rectilinear  method  to  give  re- 
sults that  are  too  small. 

Conclusions  Regarding  Different  Methods  of  Platting  Inflow  Curves 

The  following  conclusions  summarize  the  previous  discussion  of 
the  various  methods  of  drawing  inflow  curves. 

1.  The  method  of  computing  inflow  from  Dayton  discharge  by 
direct  ratio  of  drainage  areas,  tends  to  give  results  less  than  the  actual 
for  such  of  the  tributaries  as  possess  small  drainage  areas  subject  to 
rapid  runoff,  as,  for  example,  the  Upper  Mad  River  or  Twin  Creek. 
The  method  appears  to  be  well  adapted  to  the  conditions  which  obtain 
on  the  Stillwater  River,  the  Miami  River,  the  Miami  River  above 
Dayton,  and  the  Lower  Mad  River.  Its  use,  though  involving  but 
small  error,  provides  no  margin  of  safety  in  the  final  result,  and,  when 
applied  to  inflow  figures  computed  from  rectilinear  discharge  dia- 
grams, will  in  the  long  run  give  results  appreciably  smaller  than  the 
actual. 

2.  The  method  of  computing  infiow  from  Dayton  discharge  by 
appl3dng  a  uniformly  varying  sliding  coefficient  to  the  ratio  of  the 
drainage  areas,  appears  to  be  well  suited  to  the  small  drainage  areas 
subject  to  rapid  runoff,  but  gives  results  from  15  to  18  per  cent  too 
high  for  tributaries  draining  large  areas. 

3.  The  method  of  computing  inflow'  from  rectilinear  discharge  dia- 
grams, i.  e.  by  assuming  the  flow  to  vary  uniformly  between  observed 
stages,  gives  as  a  rule  too  small  a  peak  discharge  and  most  often  too 
small  a  total  discharge. 

4.  The  method  of  computing  inflow  from  rainfall  is  of  secondary 
value,  and  it  does  not  appear  wise  to  resort  to  it  except  where  stream 
flow  data  are  not  available. 

In  connection  with  these  conclusions  it  may  be  remarked  that  the 
objections  urged  against  the  sliding  coefficient  method  apply  only  to 
the  particular  form  of  this  method  in  which  a  straight  line  variation 
for  r  is  assumed.  In  this  form  it  is  doubtful  if  the  method  is  satis- 
factory even  for  small  drainage  areas  with  uniform  runoff.  In  its 
more  general  sense  the  sliding  coefficient  method  is  applicable  to  all 
conditions,  the  direct  area-ratio  method  being  merely  a  special  case 
with  r  equal  to  unity  for  all  rates  of  flow. 

Retarding  Basins  in  Series 

Where  two  retarding  basins  occur  one  above  the  other  on  the  same 
stream,  the  inflow  curve  for  the  lower  one  may  be  found  by  adding 
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together  the  ordinates  of  the  discharge  eurve  for  the  drainage  area 
tributary  to  the  stream  between  the  basins,  and  the  corresponding 
ordinates  of  the  outflow  curve  for  the  upper  basin,  making  the  neces- 
sary allowance  for  the  time  required  for  the  outflow  from  the  upper 
basin  to  reach  the  lower  one.  In  the  final  system  of  retarding  basins 
adopted  by  the  Miami  Conservancy  District,  this  condition  occurs  in 
the  case  of  the  main  branch  of  the  Miami  Biver,  where  the  Taylors- 
ville  retarding  basin  receives  the  outflow  from  the  Lockington  basin 
and  from  the  old  Lewistown  reservoir,  and  also  in  the  case  of  the 
Lockington  basin  which  receives  the  outflow  from  the  old  Loramie 
reservoir. 

Studies  made  to  determine  the  rate  of  travel  of  the  1913  flood  crest 
between  dam  sites  indicated  that  there  was  no  steady  progression  of 
the  flood  crest  down  the  river  from  source  to  mouth,  but  rather  that 
the  main  stream  over  its  entire  length  was  filled  simultaneously  with 
flood  water  from  its  numerous  tributaries,  due,  no  doubt,  to  the  fan- 
like arrangement  of  the  drainage  as  a  whole,  and  the  relatively  short 
lengths  and  steep  slopes  of  most  of  the  tributaries. 

Examples  of  Inflow  Curves 

Typical  inflow  curves  used  in  routing  floods  through  the  different 
retarding  basins  are  shown  in  figures  31  to  35.  A  very  large  number 
of  curves  of  this  nature  were  constructed  in  connection  with  studies 
made  to  determine  the  operating  characteristics  of  the  basins  during 
past  floods.    Additional  examples  are  shown  in  figures  77  and  78. 

GENERAL  PRINCIPLES  OF  ROUTING  FLOODS 

The  expression  ''routing  a  flood  through  a  retarding  basin"  refers 
to  the  operation  of  computing  the  probable  effect  which  the  retarding 
basin  will  have  on  the  hydrograph  of  the  flood.  For  any  given  flood 
the  data  required  for  this  operation  and  the  result  desired  may  be 
stated  as  follows: 

Given:  1.  The  inflow-time  curve,  or  inflow  hydrograph,  showing 
the  flow  into  the  retarding  basin  at  each  instant  of  the  flood. 

2.  The  storage-elevation  curve  of  the  retarding  basin,  showing  the 
total  amount  of  water  stored  at  each  foot  of  elevation  of  the  surface. 

3.  The  outflow-elevation  curve,  or  rating  curve,  for  the  outlet, 
showing  the  outflow  corresponding  to  each  foot  of  elevation  of  the 
water  surface. 

Required:  to  construct  the  outflow-time  curve,  or  outflow  hydro- 
graph,  and  to  obtain  the  maximum  water  surface  elevation  reached 
in  the  basin. 
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Two  different  types  of  procedure  may  be  used  for  routing  floods; 
(1)  step  methods,  and  (2)  calculus  methods.  In  the  former  the  flood 
is  <Myided  up  into  a  number  of  finite  steps  or  time  intervals,  while  in 
the  latter  these  steps  are  infinitesimal  in  size.  Step  methods  readily 
adapt  themselves  to  irregularities  in  the  given  data  and  are  used 
where  precise  results  are  required.  The  calculus  method  is  very  rapid 
and  convenient,  and  is  suitable  for  use  where  only  approximate  re- 
sults are  wanted,  as  in  preliminary  studies. 

STEP  METHODS  FOR  ROUTING  FLOODS 

The  first  operation  in  the  step  method  for  routing  a  flood  consists 
in  dividing  the  flood  up  into  steps  so  short  that  the  inflow  and  outflow 
curves  will  not  vary  sensibly  from  straight  lines  during  the  time  in- 
terval represented  by  any  step.  The  durations  of  the  steps  chosen 
may  be  equal  or  unequal  according  to  the  preference  of  the  computer. 
In  routing  floods  it  is  only  necessary  to  consider  one  step  at  a  time. 
The  problem  to  be  solved  thus  reduces  itself  to  the  prediction  of  the 
outflow  at  the  end  of  any  step  if  the  outflow  at  the  beginning  of  that 
step  is  given.  The  relation  between  the  variables  met  with  in  this 
operation  is  clearly  stated  in  the  following  quotation  from  an  article 
describing  the  work,  published  in  Engineering  News  :* 

"The  outflow  from  the  basin  in  a  flood  depends  upon  the  height  to  which  the 
basin  is  flooded.  This  height  in  turn  depends  on  the  volume  stored,  which  is  the 
difference  between  the  total  inflow  and  the  total  outflow.  Thus  the  quantities 
involved  are  inter-related.  The  problem  of  computing  the  outflow  had  to  be 
solved  by  trial  and  error." 

Trial  and  Error  Methods 

There  are  many  possible  variations  in  the  details  of  the  process 
by  which  this  operation  may  be  carried  out.  It  is  an  interesting  fact 
that  nearly  every  memlber  of  the  engineering  corps  of  the  Miami  Con- 
servancy District,  who  worked  extensively  on  flood  routing  problems, 
developed  a  method  of  his  own  for  obtaining  the  desired  results.  As 
each  of  these  methods  appeared  to  have  its  own  special  advantages 
and  disadvantages,  it  seems  desirable  to  discuss  the  subject  in  some 
detail  for  the  benefit  of  those  who  may  have  to  make  such  computa- 
tions in  the  future.  As  an  aid  in  this  discussion  the  following  nota- 
tion is  used : 

Notation.    The  most  satisfactory  units  for  use  in  routing  fioods 

*  Study  of  Retarding  Basin  Ox>eration,  the  fourth  of  a  •series  of  6  staff 
articles  on  The  Miami  YaUey  Flood-Protection  Works,  Engineering  News  of 
February  1,  1917,  Vol.  77,  pages  186-8. 
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are  the  acre  foot  for  expressing  quantity  of  water,  and  the  acre  foot 
per  hour  for  expressing  rate  of  flow.  This  is  due  partly  to  the  fact 
that  the  area  flooded  in  a  retarding  basin  is  ordinarily  expressed  in 
acres,  and  the  drainage  area  often  so,  and  partly  to  the  fact  that  the 
computations  are  less  bulky  and  less  laborious  than  if  the  cubic  foot 
and  second  are  used.  In  this  connection  it  is  convenient  to  remember 
that  one  acre  foot  per  hour  equals  12.1  second  feet. 

In  the  following  notation  absence  of  subscript  indicates  average 
value  of  quantity  during  step,  or  value  of  quantity  at  middle  of  step. 
Subscript  1  denotes  value  of  quantity  at  beginning  of  step. 
Subscript  2  denotes  value  of  quantity  at  end  of  step. 
Let  £  =  surface  elevation  of  water  in  basin,  in  feet, 
A = surface  area  of  water  in  basin,  in  acres, 
7=:  total  time  since  beginning  of  flood,  in  hours, 
/= accumulated  inflow  since  beginning  of  flood,  in  acre  feet, 
0  =  accumulated  outflow  since  beginning  of  flood,  in  acre 

feet, 
/Sf= accumulated  storage  since  beginning  of  flood,  in  acre 

feet, 
t  =  duration  of  steps,  in  hours, 
i=  inflow,  in  acre  feet  per  hour, 
0  =  outflow,  in  acre  feet  per  hour, 
^=:rate  of  storage,  in  acre  feet  per  hour. 
Figures  63  and  64  show  the  geometric  relations  between  the  inflow 
and  outflow  curves  during  any  step,  the  latter  figure  being  the  in- 
tegral curve  or  mass  curve  of  the  former. 
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FIG.  63.— RELATION  BETWEEN  INFLOW  AND  OUTFLOW  AT  A 
BETABDING  BASIN  FOB  ANY  TIME  INTEBVAL  DURING  FILLING 
PEBIOD. 


Figure  65  shows  the  nature  of  the  storage-elevation  and  outflow- 
elevation  curves  required  in  flood  routing  computations. 
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Example:  Step  metliod  with  t  assumed.  The  following  example 
illustrates  that  class  of  step  methods  in  which  the  time  interval  t  for 
each  step  is  assumed  at  the  beginning  of  the  work.  The  exa^mple 
gives  the  details  of  routing  the  flood  of  March  1897  through  the  out- 
let conduits  of  the  Germantown  retarding  basin.    Figure  65  gives  the 
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FIG.  64.— RELATION  BETWEEN  MASS  CURVES  OP  INFLOW  AND 
OUTGPLOW,  AT  A  RETARDING  BASIN,  FOR  ANY  TIME  INTERVAL 
DURING  PILLING  PERIOD. 


preliminary  curves  required  for  this  operation.  Methods  for  obtain- 
ing these  curves  have  been  discussed'  in  preceding  chapters  of  this 
report.  It  is  convenient  to  combine  the  storage-elevation  and  outflow- 
elevation  curves  to  form  a  single  storage-outflow  curve  as  shown  in 
figure  66.  The  inflow  curve  estimated  for  this  flood  at  the  damsite  is 
given  in  figure  67.  Table  5  gives  a  summary  of  the  computations  for 
the  various  steps  of  this  example,  and  figure  67  shows  the  outflow 
curve  finally  obtained.  The  trial-and-error  method  used  in  obtaining 
the  outflow  for  a  given  step  may  be  explained,  as  follows. 

The  routing  will  be  started  at  7  a.m.,  March  5,  when  the  inflow  is 
146  acre  feet  per  hour.  It  will  be  assumed  that  at  this  point  the  out- 
flow is  equal  to  the  inflow.  This  involves  the  assumption  that  the  total 
inflow  prior  to  that  time  has  exceeded  the  total  outflow  sufficiently  to 
raise  the  stage  in  the  reservoir  to  734.7,  corresponding  to  a  storage  of 
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70  acre  feet.    Any  error  introduced  by  such  an  assumption  has  been 
proved  by  experience  to  make  no  difference  in  the  results. 

Assume  a  time  increment  t  =  6  hours,  giving  inflow  i,  =  603  acre 
feet  per  hour.    Make  a  guess  at  the  outflow  six  hours  later  than  the 
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FIG.  66.— STORAGE-ELEVATION  AND  OUTFLOW-ELEVATION  OUBVES 

FOR   QEBMANTOWN   RETARI>ING    BASIN. 

The  storage-elevation  curve  indicates  the  capacity  in  acre  feet,  and  the  out- 
flow-elevation curve  the  outflow  in  acre  feet  per  hour,  for  different  elevations  of 
the  water  surface. 


starting  point,  basing  this  guess  on  the  probable  position  of  the  out- 
flow curve. 

Trial  outflow  03  =  265  acre  feet  per  hour. 

Corresponding  storage  rate  «2  =  *2  —  02  =  603  —  265=338  acre 
feet  per  hour. 

Mean  storage  rate  during  step  =«^  (Sj +*i)/2=  (388  + 0)/2 
=169  acre  feet  per  hour. 

Storage  increment  during  step  =  *f =(169)  (6)= 1014  acre  feet. 

Accumulated  storage  flf2  =  /8fi  +  «*=:70  +  1014  =  1084  acre  feet. 
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TaUe  S.^Example  of  TriAl-and-Brror  Step  Method  of  Routing  Floods.    The 
Harch  1897  Flood  routed  through  Germantown  Retarding  Basin. 
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•  Found  by  triaL 

Entering  the  storage  outflow  curve  of  figure  66  with  1084  acre  feet 
gives  an  outflow  of  302  acre  feet  per  hour. 

Hence  the  guess  of  265  was  not  very  close. 

It  is  generally  thus  with  the  first  point  after  the  start,  as  the  di- 
rection of  the  outflow  curve  has  not  yet  been  indicated. 

Assuine  a  second  trial  outflow,  which  should  be  somewhere  be- 
tween 265  and  302,  and  nearer  the  liatter. 

Trial  outflow  o^  =  290. 

Corresponding  rate  of  storage  *2 = ^2  —  <>2  =  603  —  290 = 313  acre 
feet  per  hour. 

Mean  storage  rate  during  step  =  s=(52  +  *i)/2=(313 +  0)/2 
=  157  acre  feet  per  hour. 

Storage  increment  during  step  =  ^  =  157  X  6^942  acre  feet. 

Accumulated  storage  S2  =  Si-\-st  =  70 -{-942  =  1012  acre  feet. 

Entering  the  storage-outflow  curve,  figure  66,  with  an  outflow  of 
290  acre  feet  per  hour  gives  a  storage  of  1000  acre  feet,  which  checks 
reasonably  close.  The  corresponding  elevation  of  the  reservoir  sur- 
face is  found  by  entering  the  storage-elevation  curve  of  figure  65  with 
1012  acre  feet,  or  the  outflow-elevation  curve  with  290  acre  feet  per 
hour. 

It  will  be  readily  seen  that  the  order  of  working  in  the  method 
illustrated  by  the  above  example  may  be  varied  almost  indefinitely. 
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Of  the  eight  quantities  o,  8,  Oj,  82,  0,  8,  O^,  82,  and  one  might  Ih« 
chosen  in  the  first  guess  of  the  trial-and-error  method^  and  the  final 
check  made  on  any  other,  or  the  solution  might  be  further  changed 
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FIG.  66.-^TOBAGE-OUTFLOW  CURVE  FOB  GBRMANTOWN  RETARDING 

BASIN. 

The  heavy  curved  lines  are  obtained  by  combining  the  data  shown  in  figure 
65,  thus  giving  a  direct  relation  between  storage  in  the  basin  and  outflow  from  the 
latter.  The  lines  below  the  horizontal  axis  of  coordinates  give  the  outflow  corre- 
sponding to  average  outflow  rates  and  given  periods  of  time  in  hours. 


by  bringing  into  consideration  the  elevations  and  areas  of  the  water 
surface. 
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In  Table  5,  the  last  column  has  been  included  for  the  purpose  of 
furnishing  a  general  check  on  the  precision  of  the  work.  It  will  be 
seen  that  during  the  particular  computation  given  in  this  table,  the 
trial-and-error  process  was  not  carried  to  the  point  of  securing  an 
absolute  check  in  every  step.  Where  residual  errors  are  left  in  the 
computations,  as  in  this  case,  it  is  very  desirable  to  include  a  checking 
column  in  the  tabulation  of  results  in  order  to  afford  a  measure  of 
the  degree  of  accuracy  secured  in  the  work. 

An  important  property  of  the  routing  curves  is  that  the  inflow 
and  outflow  hydrographs  intersect  at  the  maximum  ordinate  of  the 
latter.  In  other  wordi?,  the  quantity  of  water  stored  and  the  outflow 
reach  their  maximum  values  at  the  instant  when  the  outflow  equals 
the  inflow.    This  fact  should  be  remembered  in  drawing  the  outflow 
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FIG.  67.— INFLOW  AND  OUTFLOW  HYDROGRAPHS  OF  TWIN  CREEK 
AT  GERMANTOWN  RETARDING  BA6IN  FOR  A  FLOOD  LIKE  THAT  OF 
MARCH   1897. 

Tlie  outflow  eurve  is  obtained  with  the  aid  of  the  diagram  in  figare  66. 


hydrograph,  in  case  the  step  method  used  does  not  happen  to  furnish 
a  point  for  platting  the  exact  maximum  outflow.  It  should  also  be 
noted  that  the  two  areas  intercepted  between  the  inflow  and  outflow 
curves,  to  the  left  and  right  respectively  of  their  point  of  intersection, 
are  each  equal  to  the  maximum  storage  developed  in  the  basin. 
12 
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Example:  Step  method  with  t  found  by  trial.  In  the  work  done 
for  the  Miami  Conservancy  District,  a  number  of  computers  used  a 
step  method  in  which  the  time  t  was  determined  by  trial.  Table  5 
may  be  used  to  illustrate  this  method  of  working,  by  considering  the 
various  columns  to  be  computed  in  the  following  order:  Column  10: 
assume  the  elevation  E^  of  the  water  surface  at  the  end  of  the  step 
considered.  Column  11 :  jSnd  the  corresponding  storage  volume  from 
the  storage-elevation  curve,  figure  65.  Column  3:  assume  an  incre- 
ment of  time  t.  Column  2 :  compute  the  total  time  T^  to  the  end  of 
the  step.  Column  4 :  find  the  corresponding  inflow  ij  from  the  inflow 
hydrograph,  figure  67.  Column  5:  find  the  outflow  Oj  corresponding 
to  the  surface  elevation  E^  by  the  outflow-elevation  curve,  figure  65. 
Column  6:  find  the  storage  rate  at  the  end  of  the  step  by  52  =  *2  —  ^2- 
Column  7:  find  the  mean  rate  of  storage  during  the  step  by  «= 
^(«i  +  5a).  Column  8:  find  the  increment  of  storage  during  the 
step  by  multiplying  the  average  rate  s  by  the  assumed  time  increment 
t.  Column  9 :  find  the  total  accumulated  storage  by  flfj  =  flfj  +  si.  If 
this  value  does  not  check  that  previously  obtained  in  column  11,  as- 
sume a  new  value  of  t  and  repeat  the  computation.  It  is  evident  that 
the  details  of  this  method  could  be  varied  almost  indefinitely,  as  is  the 
cases  where  a  constant  t  was  assumed. 

Comparison  of  trial-and-error  methods.  There  is  little  choice  be- 
tween the  various  possible  trial-and-error  methods  as  far  as  expendi- 
ture of  time  and  labor  for  obtaining  the  required  results  is  concerned. 
Those  methods  in  which  a  definite  time  increment  t  is  assumed  at  the 
beginning,  however,  have  the  advantage  of  enabling  the  computer  to 
pick  the  breaks  in  the  inflow  hydrograph,  especially  the  peak,  thus 
utilizing  the  points  on  that  hydrograph  which  are  most  accurately 
determined. 

A  method  of  routing  floods*  which  was  used  by  the  Morgan  Engi- 
neering Company  on  previous  work,  consisted  in  preparing  for  the 
given  outlet  a  series  of  curve  sheets  giving  the  complete  relation  be- 
tween various  uniform  rates  of  inflow,  outflow,  and  storage  at  dif- 
ferent elevations  of  the  reservoir  surface.  Using  these  sheets  it  was 
possible  to  solve  flood  routing  problems  <by  direct  interpolation,  with- 
out the  use  of  trial-and-error  methods.  While  this  process  is  satis- 
factory for  a  reservoir  in  which  the  outlet  is  definitely  designed  or 
actually  constructed,  it  is  not  suitable  for  studies  in  which  the  conduit 
design  is  unsettled  and  changes  frequently  as  the  work  progresses. 

Summary  of  experience  with  trial-and-error  methods.    The  expe- 

*  See  A  Graphical  Solution  of  the  Problem  of  Storm  Flow  Through  a  Reser- 
voir, by  Albert  8.  Fry,  Engineering  and  Contracting,  of  April  19,  1916,  Vol.  45, 
pages  370-372. 
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rience  of  the  engineers  of  the  Miami  Conservancy  District  in  routing 
floods  by  trial-and-error  methods  may  be  summarized  as  follows: 
Those  who  are  first  beginning  such  calculations  require  considerable 
time  to  acquire  a  sufficient  grasp  of  the  subject  to  be  thoroughly  at 
home  in  the  process.  It  is  important,  theref ore,  that  the  simplest  and 
most  direct  method  of  procedure  be  followed. 

In  investigations  involving  a  large  number  of  computations  of  this 
kiQd  it  is  desirable  that  a  uniform  method  be  observed  by  all  com- 
puters, so  as  to  have  a  standard  office  practice. 

Under  some  circumstances  the  calculations  should  be  based  on 
assumed  increments  of  gage  height  in  the  retarding  basin;  under 
other  circumstances  the  time  increments  should  be  assumed;  and  in 
some  instances  both  methods  might  be  advantageously  used  in  the 
same  table. 

The  columns  should  be  arranged  in  the  logical  order  in  which  they 
naturally  occur  in  making  the  calculations;  and  second,  they  should 
be  in  the  most  convenient  order  for  the  numerical  work.  These  two 
requirements  are  often  conflicting  and  must  in  each  case  be  carefully 
weighed  in  deciding  upon  the  most  satisfactory  order. 

The  carrying  of  additional  columns  for  the  purpose  of  comparing 
assumed  and  derived  values  is  desirable,  and  enables  the  discrepancies 
to  be  balanced,  so  that  a  cumulative  error  may  be  avoided  and  the 
total  final  discrepancy  kept  as  small  as  desired. 

Direct  Graphical  Methods 

The  use  of  trial-and-error  methods  in  extending  the  outflow  hydro- 
graph  through  any  time  interval  may  be  avoided  by  the  following 
method  of  working:*  Construct  the  storage-outflow  curve,  figure  66, 
for  the  retarding  basin  and  outlet  under  consideration,  and  on  the 
same  sheet  construct  another  curve,  (over  the  first  and  not  shown  in 
figure),  whose  ordinate  corresponding  to  any  abscissa  o  is  iS-|-%of. 
If  the  time  interval  t  varies  for  diflferent  steps,  one  such  curve  will 
have  to  be  constructed  for  each  value  of  t  used.  The  quantity  8  -f  y2ot 
is  seen  from  figure  64  to  be  equal  to  the  accumulated  inflow  at  the 
middle  of  the  step  minus  the  accumulated  outflow  at  the  beginning 
of  the  step,  that  is:  flf +  1^of=/  —  Oj.  The  desired  average  outflow 
0  for  any  step  may  thus  be  determined  without  the  aid  of  trial-and- 
error  method  by  entering  such  a  curve  as  described  above  with  a  value 
of  S  -f  %oi  equal  to  the  value  of  Z —  0^  for  the  step. 

Instead  of  using  the  curve  last  described,  it  is  found  convenient 
in  practice  to  vary  this  method  by  drawing  a  straight  line  passing 

•See   Flood-Betarding  Beservoir   Problem    Directly   Solved,   by   Harold    A. 
Thomas,  Engineering  News-Becord,  Vol.  79,  August  2,  1917,  page  226. 
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through  the  origin  of  coordinates  and  sloping  below  the  outflow  axis 
at  such  a  rate  that  its  ordinates  represent  values  of  —  V2oi.  A  set  of 
such  lines  for  different  values  of  t  is  indicated  in  the  lower  portion  of 
figure  66.  The  value  of  o  corresponding  to  a  given  value  of  /8f  +  V^of 
or  /  —  Oj  is  then  readily  found  by  setting  off  the  latter  quantity  to 
scale  with  a  pair  of  dividers,  or  strip  of  paper,  and  fitting  it  to  the 
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FIG.   68.— STORAGE-OUTFLOW  CURVE   FOR   LOCKINGTON   RETARDING 

BASIN   WITH   TEMPORARY  OUTLET. 

The  significaDce  of  the  various  curves  is  the  same  as  for  figure  66. 

space  between  the  upper  curve  and  the  appropriate  sloping  line  of 
figure  66. 

Example  using  mass  curve  data.  Table  6  and  figures  68  and  70 
give  the  details  of  a  computation  made  by  this  method  to  determine 
the  probable  action  of  the  temporary  outlet  of  the  Lockington  retard- 
ing basin  during  a  flood  similar  to  that  of  March  1913.  The  tem- 
porary outlet  in  this  case  was  an  open  channel  or  sluiceway  as  de- 
scribed on  page  154,  the  rating  curve  being  computed  by  the  formulas 
on  page  155. 
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In  every  method  of  routing  floods  it  is  necessary  to  adopt  some 
special  or  arbitrary  assumptions  and  expedients  at  the  beginning  of 
the  computations  in  order  to  get  the  regular  procedure  under  way. 
Various  devices  may  be  used,  and  since  they  are  applied  to  relatively 
small  numerical  quantities  at  the  beginning  of  the  flood,  any  varia- 
tion in  the  exact  procedure  followed  in  initiating  the  calculations  pro- 
duces no  appreciable  variation  in  the  subsequent  results.  The  follow- 
ing process  is  a  convenient  one.  Assume  that  at  the  beginning  of  the 
flood  period  the  rates  of  inflow  and  outflow  are  equal ;  they  are  given, 
then,  by  the  inflow  hydrograph  at  the  time  decided  upon  to  be  con- 
sidered as  the  beginning  of  the  flood  period.  This  assumption  necessi- 
tates a  certain  corresponding  amount  of  initial  storage  as  shown  by 
figure  68.    Imagine  a  very  brief  initial  step  of  zero  duration  which 
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FIG.  69.— MODIFIED  FORM  OF  STOBAiGE-OUTFLOW  CURVE  FOB  LOCK- 
INGTON  RETARDING  BASIN,  WITH  TEMPORARY  OUTLET. 

The  curve  is  derived  from  figure  68  by  adding  to  the  ordinates  of  the  storage 
curve  the  ordinates  of  the  2-hour  curve  for  values  of  %  ot;  and  the  horizontal 
scale  is  changed  to  read  the  total  outflow  in  acre  feet  for  2* hour  time  intervals. 
This  diagram  can  be  used,  therefore,  only  for  values  of  i  equal  2  hours.  Similar 
diagrams  can  readily  be  prepared  for  use  with  other  time  intervals. 


may  be  called  step  zero  in  the  table.  At  the  end  of  every  step  8^ 
=  72  —  Oj.  Therefore,  we  start  with  ©2  =  0  at  the  end  of  step  zero, 
and  82=12' 


HYDBAULIC8   OF  MIAMI  FLOOD  CONTROL   PBOJECT 


183 


In  table  6  at  the  end  of  step  zero,  i,  and  o^  as  obtained  from  figure 
70  are  72  acre  feet  per  hour.  The  corresponding  storage  flfj  from 
figure  68  is  50  acre  feet.  Accordingly  J,  is  also  50  acre  feet,  and  0, 
is  zero.  This  value  of  82  =  12  iB  usually  so  small  that  it  is  difi&cult  to 
read  from  the  curve,  and  for  practical  purposes  it  may  be  assumed 
to  be  any  small  number,  the  error  thus  introduced  being  inappre- 
ciable in  the  final  results. 

The  various  columns  in  table  6  are  then  found  as  follows :  Column 
2,  from  the  original  inflow  hydrograph;  column  3,  differences  be- 
tween successive  values  in  column  2;  column  4,  from  the  original 
inflow  hydrograph;  column  5,  average  between  successive  values  in 
column  4;  column  6  =  column  3  times  column  5;  column  7,  summa- 
tion of  column  6 ;  column  8,  average  of  successive  values  in  column  7 ; 
column  9,  final  outflow  from  preceding  step  as  shown  in  column  13 ; 
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FIG.  70.— INFLOW  AND  OUTFLOW  HYDROGRAPHS  OF  LOBAMIE 
CBEEK  AT  LOOKINGTON  RETARDING  BASIN,  ASSUMING  A  FLOOD 
LIKE  THAT  OF  MARCH  1913,  AND  THE  TBMPORABY  OUTLET  IN 
OPEBATION. 

The  diagram  shows  the  results  of  routing  the  flood  through  the  basin  with  the  aid 
of  the  storage  outflow  curve  in  figure  68  and  as  worked  out  in  detail  in  table  6. 

column  10  =  column  8  minus  column  9;  column  11,  found  with  aid 
of  diagram,  figure  68 ;  column  12  =  column  3  times  column  11 ;  column 
13  =  column  9  plus  column  12 ;  column  14  =  column  7  minus  column 
13 ;  column  15,  from  storage-elevation  curve  for  basin. 

The  degree  of  accuracy  which  can  be  obtained  by  the  method  just 
described,  depends  upon  the  amount  of  care  used  in  constructing  the 
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storage-outflow  curve,  figure  68.  If  it  is  desired  to  obtain  close  re- 
sults at  very  low  heads  it  may  be  necessary  to  redraw  to  a  larger  scale 
that  portion  of  this  curve  which  is  nearest  the  origin. 

Almost  as  many  variations  of  details  are  possible  as  in  the  trial- 
and-error  methods.  For  example,  column  5  may  be  read  directly 
from  the  inflow  hydrograph  rendering  column  4  unnecessary.  If 
equal  time  increments  are  used  throughout  the  computations,  a  pro- 
cedure that  would  have  some  other  advantages,  then  by  preparinff 
the  proper  scale,  column  6  could  be  read  directly  from  the  inflow 
hydrograph,  dispensing  with  both  columns  4  and  5.  Columns  9  and 
13  are  identical  so  that  one  may  easily  be  omitted.  Again,  figure  68 
may  be  modified  by  using  as  the  horizontal  coordinates  values  of  of, 
and  as  vertical  coordinates  values  of  flf  -f  V^o*  as  shown  in  figure  69, 
instead  of  values  of  o  and  8  respectively  as  in  figure  68.  With  this 
modification  column  12  may  be  read  directly  from  the  diagram  dis- 
pensing with  column  11.  Another  useful  variation  is  explained  in 
the  next  paragraph. 

Example  using  inflow  curve  data.  The  computations  for  the 
direct  method  as  given  in  table  6  may  be  kept  in  somewhat  less  bulky 
form  if  it  is  not  desired  to  use  the  columns  of  accumulated  infiow  and 
outflow.  From  figure  64  it  is  seen  that  flfi  +  i/^i^  =  /8f  -f  ^o^.  Since 
in  routing  floods  the  first  member  of  this  equation  can  be  evaluated  at 
the  beginning  of  the  computations  for  any  step,  this  value  may  be 
substituted  for  the  working  ordinates  8  +  %oi  in  figure  68,  and  the 
desired  value  o  of  the  average  outflow  for  the  step  thus  determined 
without  the  use  of  mass  curve  data.  Table  7  gives  the  details  of  a 
computation  by  this  method,  the  problem  being  the  same  as  that  of 
table  6.  The  same  variations  as  explained  in  the  preceding  para- 
graphs could  also  be  applied  in  the  case. 

In  none  of  the  step  methods  explained  in  the  preceding,  either  by 
trial-and-error  or  direct  methods,  has  it  been  thought  worth  while  to 
carry  an  extra  column  for  the  final  outflow  O2  of  any  step.  Although 
this  could  be  obtained  approximately  by  averaging  the  average  out- 
flow 0  of  the  step  with  that  of  the  following  step,  the  desired  outflow 
hydrograph  is  platted  as  conveniently  and  accurately  by  using  the 
mid-step  values  of  the  outflow  as  by  using  final  values. 

The  processes  given  above  for  constructing  the  hydrograph  of  the 
outflow  from  a  retarding  basin  without  the  use  of  trial-and-error 
methods,  were  not  brought  to  the  attention  of  the  engineers  of  the 
Miami  Conservancy  District  until  the  greater  part  of  the  routing 
computations  for  the  work  had  been  completed. 
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fabltt  7.— Bzampl«  of  Direct  Step  Method  (Condenaed  Fonn)  of  Bonting  Floods, 
vamg  Sating  Curre  Data.    The  March  1913  Flood  routed  through  Locking- 
ton  RetJirdlng  Basin  with  Temporary  Outlet  In  Operation. 
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INTEGRATION  METHODS  FOR  ROUTING  FLOODS 

The  operation  of  routing  a  flood  through  a  retarding  basin  con- 
sists essentially  in  combining  the  data  furnished  by  three  curves : 

(a)  the  area-depth  curve  of  the  basin, 

(b)  the  outflow-depth  curve  for  the  outlet,  and 

(c)  the  inflow  hydrograph  of  the  flood, 

to  form  a  fourth  curve :  the  outflow  hydrograph. 

If  each  of  the  three  given  curves  could  be  defined  by  a  mathemat- 
ical equation,  the  fourth  could  be  determined  by  exact  or  integration 
methods.  While  it  is,  of  course,  out  of  the  question  precisely  to  dupli- 
cate such  curves  as  area-depth  curves  or  inflow  hydrographs  by  lines 
having  simple  mathematical  equations,  it  was  nevertheless  found  pos- 
sible in  the  case  of  the  basins  of  the  Miami  Conservancy  District  to 
do  this  with  a  sufficient  degree  of  accuracy  to  furnish  results  of  great 
value  in  preliminary  studies  and  computations. 

In  making  comparisons  among  the  multitude  of  possible  combina- 
tions of  reservoir  locations  and  capacities  which  presented  themselves 
during  the  difFerent  stages  of  the  work,  it  was  necessary  to  make  a 
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very  large  number  of  approximate  estimates  of  retarding  basin  action 
under  various  conditions.  A  vast  amount  of  time  and  labor  which 
would  have  been  required  to  make  these  computations  by  step  methods, 
was  saved  by  basing  many  of  the  estimates  on  the  following  simple 
assumptions : 

(1)  The  area  depth  curve  for  a  retarding  basin  is  a  semi-cubic 
parabola:  A  =  CH^. 

(2)  The  outflow-depth  curve  for  the  outlet  is  an  ordinary  pa- 
rabola: o=Bn^. 

(3)  The  inflow  hydrograph  of  the  flood  may  be  replaced  by  a 
rectangle  representing  a  uniform  inflow  rate  I,  lasting  for  a  length 
of  time  T. 

These  assumptions  lead  directly  to  a  simple  working  rule  or 
theorem,  whose  proof  is  given  in  the  following  paragraphs,  namely: 
The  average  rate  of  outflow  during  a  uniform  flood  is  approximately 
five-sixths  of  the  mxiximum  rate  of  outflow  during  this  flood. 

Proof  of  iPive-Sixths  Rule  for  Routing  Floods: 
Notation:  (See  figure  71) 

h  =  Depth  of  water  in  retarding  basin,  or  effective  head  on  the  outlet 

orifice, 
5"  =  Maximum  value  of  h  during  fiood, 

a  =  Surface  area  of  basin  at  depth  h, 

ii  =  Maximum  value  of  a  during  flood, 

t==Time  elapsed, 

#0  =  Time  of  beginning  of  flood, 

r==  Total  time  from  beginning  to  end  of  uniform  flood,  or  time  re- 
quired for  outflow  to  obtain  its  maximum  value, 

0  =  Outflow  at  depth  h  or  time  t, 

0  =  Maximum  outflow  at  depth  H  or  time  T, 
i  =  Inflow  in  general  at  time  t, 

1  =  Inflow  assumed  in  uniform  flood, 

5  =  Storage  in  retarding  basin  at  depth  h, 

Sf= Storage  in  retarding  basin  at  final  depth  H,  , 

(7  =  Constant  in  area-depth  equation,  a  =  Ch^  and  in  5  =  ^  Cfc^, 

B  =  Constant  in  outflow-depth  equation,  o  =  Bh^, 

z  =  h'^, 

x  =  0/I  =  BE^/I, 

r  =  Ratio  of  average  outflow  rate  from  retarding  basin  during  filling 

period  to  maximum  outflow  rate, 
ri  =  Ratio  of  average  outflow  rate  during  emptying  period  to  maxi- 
mum outflow  rate. 
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Since  in  all  retarding  basin  studies  the  inflow  at  any  instant  is 
equal  to  the  outflow  plus  the  storage  rate,  the  following  diflferential 


FIG.  71.— INPLOW  AND  OUTFLOW  HYDSOGBAPHS  POE  FLOOD  OF 
UNIFOBM  INTENSITY,  ILLUSTBATING  NOTATION  USED  IN  FIVE- 
SIXTHS  BULB. 

The  reetangle  represents  the  flood  of  QnUonn  icteDsity  I  &nd  duration  T. 
For  ftu  outlet  with  maximum  capBeit7  equ&l  to  0  the  amonnt  of  storage  in  the 
basin  is  indicated  bj  the  shaded  areas  5,  the  cnrred  lines  bounding  same  showing 
the  varTiug  rates  of  outflow  frmi  the  basin.  The  period  daring  which  the  retard- 
ing bssin  fllia  ia  T  and  the  emptying  period  T.  Two  other  sets  of  outflow 
corres  are  shown  correepondiug  to  an  outlet  capacity  in  the  one  case  SO  per  cent 
greater  than  O  and  iu  the  other  equsJ  to  one  half  O. 

equation  la  always  tme,  regardless  of  the  shape  of  the  curves  for  area, 
outflow,  or  inflow. 

idt  =  odt  +  adh  (59) 

Substitnting  the  approximate  expressions  given  above  for  area 
and  outflow  in  terms  of  depth,  the  differential  equation  becomes, 

idt=Bk'^t  +  Ck^h  (60) 

This  equation  will  take  different  forms  according  to  the  rate  of  varia- 
tion of  the  inflow.  In  the  first  part  of  a  flood,  if  the  rate  of  inflow 
is  increasing  uniformly,  the  equation  becomes 

iy(t—t,)dt  =  Bh'^t  +  ChSlh  (61) 

where  i,  and  I,  are  chosen  to  give  the  required  rate  of  increase.  Dur- 
ing the  middle  of  a  flood,  when  the  inflow  has  a  constant  value  i^,  the 
equation  is 
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i^dt  =  BhMt  +  Chy^h  (62) 

During  the  last  part  of  a  flood,  if  the  inflow  is  decreasing  at  a  uni- 
form rate,  the  equation  is 

[^  —  i^{t  —  t^)]dt  =  BhMt  +  Ch^h  (63) 

where  i^  and  t^  are  chosen  to  secure  the  required  rate  of  decrease. 

When  the  inflow  has  a  constant  value  I  during  the  entire  flood, 
the  differential  equation  may  be  integrated  as  follows : 

Ui  =  BK^di  +  CW^h  (64) 

Let  fc^ = 25,  h  =  2P,  dfc  =  2zdz. 
Then, 

Idt = Bzdt  +  2Cz*dz  (65) 

Giving 

Dividing  the  denominator  into  the  numerator,  we  obtain, 

--¥[a)'r^-(^)*-('5r-(i)'— ]- <«" 

B~' 
Integrating,  we  obtain 

■'■i.-f[-(^)v(.-H-a)'.-ia)"'' 

-i(s)-h:- 

If  ^0  aiid  ^0  Ai'6  both  zero,  this  becomes 

'-f[-(^)V(.-H-a)'.-!(l)''- 


(68) 


-WbY-H 


(69) 


The  logarithmic  term  in  this  expression  may  be  expanded  by  Mc- 
Laurin's  series  as  follows: 


log(l  -X)  =  -(x+f +  |-'  +  |^  +  |^+  •••) 


(70) 


(72) 
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Substituting  this  value  in  equation  (69),  we  obtain 

2Cz*r,    ,  5Bz  ,  5/Bzy  ,  b  ( Bz\*  ,  5  / BzV  ,  1       .„, 

Substituting  the  values  8^=}iCz^  and  o=B2i,  this  equation  becomes 

<-i['.+!i+?(7MaMa)'+-]-  ™ 

The  desired  outflow  hydrograph  of  the  flood  issuing  from  the  re- 
tarding basin  may  be  plotted  by  equation  (74),  different  values  of 
the  outflow  being  assumed  and  the  corresponding  times  t  calculated 
by  the  equation.  For  relatively  large  values  of  o  this  series  will  con- 
verge very  slowly,  and  the  computation  can  then  be  made  more  con- 
veniently by  using  the  form  in  equation  (69) ;  the  latter  is  convenient 
for  numerical  computation  only  when  o  is  relatively  large.  It  should 
be  noted  that  if  equation  (69)  were  not  desired,  equation  (74)  could 
be  obtained  more  directly  from  equation  (66)  by  dividing  so  as  to 
change  the  fraction  into  an  infinite  series  and  integrating  term  by 
term. 

At  the  end  of  the  uniform  flood,  when  the  elapsed  time  has  reached 
the  value  T,  the  storage  of  water  in  the  basin  will  have  attained  its 
maximum  value  8,  and  the  outflow  its  maximum  value  0.  At  this 
instant  equation  (74)  takes  the  form, 

^=f['+i?+K?)"+i(-?M(?r+-]-  "« 

This  equation  may  be  made  less  cumbersome  by  substituting  the 
value  05=0/7  =  ratio  of  the  maximum  outflow  to  the  average  inflow. 
Using  this  abbreviation,  the  total  inflow  during  the  flood  is  given  by, 

IT  =  8[1  +  %x  +  %x'  +%x'  +  %x*  +  •  •  •]  (76) 

The  total  outflow  which  occurs  during  the  reservoir  filling  period  T, 
is  equal  to  the  total  inflow  minus  the  quantity  of  water  stored  in  the 
basin,  that  is : 

fodt  =  IT  —  8=^8[%x  +  %x^+%x'  +  %x^+"-]         (77) 

The  average  outflow  during  the  period  T  is 


T         S    ll+>  +  ^x2  +  |x»+  •••]  • 


(78) 
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The  ratio  r  of  average  outflow  to  the  maximum  outflow  is  given  by 


_  fodt  ^  I  +  fj  +  fx*  +  jx*  +  •  •  • 
OT       1  +  |x  +  ^x*  +  |x»  +  •  •  • 


r  =  -.-^  =  :   ■   ;     ....   ;  .  , •  (79) 


By  actual  division  this  fraction  is  found  to  be  equivalent  to  the  fol- 
lowing series: 

5  5  5-32        ,  5-8712  .  .„  . 

*"~6''"6-6-7     "^6-6-6-7-8      "^6-6-6-6-7-7-8-9      "^  ^     ^ 

=  I  [1  +  0.02381X  +  0.01587a:«  +  0.01143a:»  +•••].  (82) 

For  small  values  of  x  the  right  hand  member  of  this  equation  may  be 
considered  as  practically  equal  to  five-sixths,  thus  proving  the  five- 
sixths  rule  stated  on  page  186.  Table  8  gives  values  of  the  ration  r 
corresponding  to  diflPerent  values  of  x,  as  computed  by  equation  (82). 
The  value  for  x  =  %  is  not  exactly  as  calculated  by  equation  (82) 
because  more  terms  of  the  infinite  series  would  be  necessary  to  give 
an  accurate  value ;  the  value  shown  is  what  is  estimated  to  be  correct. 


Table  8.— Ratio  of  Average  Outflow  to  MaTlnrnni  Ontflow  for  Floods  of  Uniform 

Intensity. 

Ratio  of  Maxlmam  Outflow  Ratio  of  Avenge  Outflow 

to  Average  Inflow.  to  Maximum  Outflow. 

X 

0     %  (1.000)  =   .833 

H      %  (1.003)  =   .836 

14      %  (1.0O7)  =   .840 

%  %  (1.012)=    .844 

%  %  (1.018)  =   .848 

%  %  (1.027)  =   .856 

[94]  %  (1.037)  =   .866 

1  %  (1.200)  =1.000 

It  is  seen  from  this  table  that  the  five-sixths  rule  for  routing  floods 
is  most  accurate  in  cases  where  the  outlet  conduits  are  relatively 
small  in  comparison  with  the  size  of  the  retarding  basin,  so  that  the 
maximum  outflow  is  small  in  proportion  to  the  average  inflow.  The 
rule  becomes  less  accurate  as  the  relative  size  of  the  openings  becomes 
larger,  and  fails  altogether  when  they  are  so  large  that  their  retard- 
ing effect  on  the  flood  is  nil,  that  is,  when  x  =  l. 


Integrating, 


w 
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Time  of  Emptying  Retarding  Basin 

The  time  required  to  empty  a  retarding  basin  after  the  cessation 
of  the  uniform  inflow  assumed  in  the  derivation  of  the  preceding 
formulas  is  found  as  follows: 

Letting  i  equal  zero  in  equation  (60),  the  differential  equation  be- 
comes for  this  case, 

o^Bh'^i  +  CK^h  (83) 

Transposing, 

dt^  -^hdh.  (84) 

.^.C£^,_C^^^^  (85) 

t-T  =  ^{W-h^).  (86) 

Substituting  the  values  o=Bh\  0=BE^,  and  S=^Cfl*  in  this 
equation  we  obtaiu 

This  equation  furnishes  the  values  needed  for  plotting  the  outflow 
curve  during  the  emptying  of  the  basin.  The  total  time  required  to 
empty  the  basin  after  the  uniform  inflow  ceases  is  found  by  making 
0  equal  zero  in  the  above  equation  giving 

7"  =  ^  ^.  (88) 

It  is  readily  seen  from  equation  (88)  that  during  the  emptying  period 
the  average  outflow  is  ^  of  the  maximum  outflow,  that  is 

,        /S       4 

In  figure  71  are  shown  three  examples  of  outflow  curves  corre- 
sponding to  three  diflferent  sizes  of  outlets,  the  uniform  flood  in  each 
instance  being  assumed  the  same.  The  latter  is  indicated  by  the 
rectangle  of  height  /  and  base  T.  For  the  medium  sized  outlet  the 
figure  shows  by  means  of  shading  the  amount  of  flood  water  stored,  at 
the  left  as  a  portion  of  the  uniform  flood  flow,  and  at  the  right  in  the 
form  of  outflow  after  the  cessation  of  the  uniform  flood,  the  two  quan- 
tities being,  of  course,  equal  in  amount.  0  in  this  case  represents  the 
outlet  capacity,  and  o  the  average  rate  of  outflow  during  the  empty- 
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ing  period,  which  will  be  found  to  be  ^  of  0.  The  time  of  emptying 
T  will  be  seen  to  vary  materially,  depending  upon  the  size  of  outlet 
capacity  assumed. 

It  is  well  to  bear  in  mind,  in  this  connection,  that  a  uniform  flood 
assumption,  such  as  represented  in  figure  71,  takes  no  account  of  any 
inflow  that  may  enter  the  basin  after  the  end  of  the  filling  period  T, 
and  that  therefore  the  outflow  curve  for  the  emptying  period  and  its 
time  T',  as  here  represented,  are  purely  theoretical  quantities  subject, 
in  practice,  to  appreciable  modification  by  the  inflow  into  the  basin 
after  cessation  of  uniform  flood.  The  discrepancy  caused  by  neglect- 
ing this  inflow  is  illustrated  in  figure  72,  which  shows  two  outflow 
curves  for  the  emptying  period,  one  with  inflow  during  the  latter 
neglected  and  the  other  with  inflow  taken  into  consideration. 

Examples  of  Use  of  Five-Sixths  and  Four-Fifths  Rules 

In  order  to  illustrate  the  method  of  using  the  five-sixths  and  four- 
fifths  rules  in  making  estimates  of  retarding  basin  action  during  the 
filling  and  emptying  periods,  the  two  following  numerical  examples 
are  given. 

Example  1.  Given:  (a)  The  duration  and  average  intensity  of 
the  flood  to  be  controlled:  20  hours  and  2000  acre  feet  per  hour  re- 
spectively; and  (6)  the  maximum  permissible  outflow:  600  acre  feet 
per  hour. 

Required:  The  storage  capacity  needed  in  the  proposed  basin. 

Solution:  Average  outflow  during  the  filling  period  =  %  of 
600  =  500  acre  feet  per  hour;  total  outflow  during  this  period 
=  average  outflow  times  duration  =  500  X  20  =  10,000  acre  feet ; 
storage  capacity  required  =  total  inflow  minus  total  outflow  =  20 
X  2000  —  10,000  =  30,000  acre  feet. 

Example  2.  Given:  {a)  The  duration  and  average  intensity  of 
flood  to  be  controlled,  20  hours  and  2000  acre  feet,  as  before,  and  (6) 
the  maximum  available  storage  capacity  of  the  given  basin,  30,000 
acre  feet. 

Required:  (a)  The  maximum  outflow  from  the  basin,  and  (ft)  the 
time  needed  to  empty  the  basin  after  the  flood  is  over. 

Solution:  (a)  Total  outflow  during  filling  period  =: total  inflow 
minus  total  storage  =  20  X  2000  —  30,000  =  10,000  acre  feet;  average 
outflow  during  filling  period  =  total  outflow  divided  by  time  =  10,000 
-^- 20  =  500  acre  feet  per  hour;  maximum  outflow  =  %  of  500  =  600 
acre  feet  per  hour;  (6)  average  outflow  during  emptying  period 
=  ^  of  600  =  480  acre  feet  per  hour;  time  to  empty  basin  =  total 
storage  divided  by  average  outflow  =  30,000-^-480=^62.5  hours. 
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Determination  of  Equivalent  Uniform  Flood 

The  *' equivalent  uniform  flood''  corresponding'  to  a  given  flood  in 
a  given  retarding  basin  may  be  defined  as  an  imaginary  flood  pos- 
sessing a  uniform  rate  of  flow,  having  the  same  total  inflow  as  the 
given  flood,  and  capable  of  producing  the  same  total  amount  of 
storage  with  the  same  maximum  rate  of  outflow  from  the  basin  as  the 
given  flood.  The  duration  of  an  equivalent  uniform  flood  is  usually 
shorter  than  that  of  its  original  flood,  as  indicated  in  flgure  72.  Since 
the  derivation  of  the  flve-sixths  rule  is  based  on  the  assumption  of  a 
uniform  inflow  during  the  time  the  basin  is  filling,  it  follows  that  this 
rule  will  give  accurate  results  for  floods  with  irregular  or  peaked 
hydrographs  only  if  correct  methods  are  used  in  replacing  these  floods 
by  their  equivalent  uniform  floods.  The  methods  used  for  this  pur- 
pose may  be  classified  as:  (1)  arbitrary  methods,  (2)  exact  methods, 
and  (3)  approximate  methods. 

(1)  Arbitrary  selection  of  equivalent  uniform  flood.  In  design- 
ing, a  retarding  basin  system  for  a  hypothetical  flood  which  is  larger 
than  any  which  has  ever  been  recorded  on  the  river  or  rivers  consid- 
ered, there  is  no  reason  for  assuming  that  the  hydrograph  of  this  flood 
will  take  one  shape  rather  than  another,  within  a  wide  range  of 
limits.  In  such  a  case  the  most  that  can  be  done  with  any  degree  of 
certainty  is  to  determine  from  the  rainfall  and  runoff  records  the 
duration  and  average  intensity  of  the  hypothetical  flood  to  be  pro- 
vided for.  For  example,  the  final  designs  of  the  basins  of  the  Miami 
Conservancy  District  are  based  on  the  assumption  of  a  runoff  of  10 
inches  in  3  days  for  the  Englewood,  Germantown,  and  Iiockington 
Basins,  and  9^  inches  in  3  days  for  the  Taylorsville  and  Huffman 
Basins. 

Under  such  conditions,  where  the  length  and  average  intensity  of 
the  maximum  flood  are  arbitrarily  assumed,  the  five-sixths  rule  works 
to  the  greatest  advantage.  All  ordinary  problems  regarding  the 
action  of  retarding  basins  in  a  flood  of  this  kind  can  be  solved  by  this 
rule  with  great  speed  and  convenience.  This  is  illustrated  in  numeri- 
cal examples  given  in  the  following  chapter. 

(2)  Exact  determination  of  equivalent  uniform  flood.  Exact 
methods  for  the  determination  of  the  correct  duration  and  intensity 
of  an  equivalent  uniform  flood  involve  the  routing  of  the  given  orig- 
inal flood  through  the  retarding  basin  by  step  methods.  If  the  flnal 
design  of  a  basin  could  be  settled  by  a  single  routing  computation, 
there  would  be  nothing  gained  by  determining  the  uniform  flood 
which  would  duplicate  the  results  of  this  computation.  In  actual 
eases,  however,  it  is  often  desirable  to  replace  a  given  flood  by  equiva- 
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lent  uniform  floods  once  for  all,  in  order  to  avoid  the  inconvenience 
and  labor  of  revising  the  computations  by  step  methods  whenever  a 
change  is  made  in  the  plans  for  the  height  of  the  dam  or  hjdimulic 
properties  of  the  outlet  structure.  Many  such  changes  are  necessary 
and  unavoidable  in  balancing  the  several  retarding  basins  of  a  flood 
system  to  obtain  maximum  protection  at  minimum  cost. 

The  method  of  replacing  a  flood  of  irregular  hydrograph  by  an 
equivalent  inflow,  is  illustrated  in  figure  72.  It  is  necessary  to  replace 
the  actual  hydrograph  &  p  6  by  an  equivalent  rectangular  hydro- 
graph  a  c  d  f  which  will  produce  the  same  maximum  outflow  and  de- 
velop the  same  total  storage.  Bouting  the  flood  through  the  basin  by 
step  methods  will  establish  the  end  point  /  of  the  filling  period  and 
the  maximum  outflow  e  f.  It  will  also  establish  the  duration  of  the 
filling  period  g  f,  and  the  total  inflow,  total  outflow,  and  the  total 
storage,  occurring  during  this  period,  if  the  flood  is  assumed  to  begin 
at  some  arbitrary  instant  g.  This  assumption  is  referred  to  as  as- 
sumption A  in  the  following.  (As  previously  explained  in  discussing 
the  step  method,  the  point  of  beginning  is  ordinarily  assumed  at  a 
low  stage  during  the  early  part  of  the  flood  when  the  inflow  and  out- 
flow can  be  regarded  as  practically  equal.)  The  duration  a  /  of  the 
equivalent  uniform  flood  is  found  by  dividing  the  total  actual  outflow 
during  the  filling  period  by  five-sixths  of  the  maximum  outflow  e  f.  If 
considerable  refinement  is  desired  in  the  computation,  the  values  of  r 
taken  from  table  8  may  be  used  instead  of  the  constant  five-sixths,  in 
this  division.  The  intensity  a  c  of  the  equivalent  uniform  flood  is 
found  by  dividing  the  total  actual  inflow  by  the  time  a  f  just  com- 
puted. 

Slightly  different  values  for  the  duration  and  magnitude  of  the 
equivalent  uniform  flood  will  be  obtained,  if,  instead  of  starting  from 
an  arbitrary  low  stage,  as  in  assumption  A,  the  duration  of  the  orig- 
inal flood  is  assumed  to  be  equal  to  that  of  the  equivalent  flood,  that 
is,  if  the  total  outflow  and  inflow  of  the  original  flood  are  considered 
to  begin  at  a  in  figure  72.  The  latter  assumption  may  be  designated 
as  assumption  B.  It  has  the  advantage  of  avoiding  the  use  of  the 
arbitrarily  located  point  g  on  the  inflow  hydrograph.  If  this  assump- 
tion is  used  the  exact  duration  of  the  corresponding  equivalent  uni- 
form flood  can  be  determined  only  by  trial-and-error  methods,  first 
assuming  a  value  for  a  f  and  then  revising  it  if  the  total  storage  as 
computed  by  the  five-sixths  rule  does  not  check  the  step  method  value. 
With  certain  flood  hydrographs  it  is  impossible  to  find  any  equivalent 
uniform  flood  which  will  satisfy  assumption  B. 

The  following  example  illustrates  the  use  of  the  exact  method  for 
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determining  an  equivalent  uniform  flood  as  defined  by  assumption  A, 
The  hydrographs  for  this  example  are  given  in  figure  34,  page  104. 
Taylorsville  retarding  basin  during  March  1913  flood. 
Step  method  results: 

End  of  filling  period  at  66  hours. 
Maximum  outflow,  4240  acre  feet  per  hour. 
Total  inflow  during  filling  period,  334,000  acre  feet. 
Maximum  storage  152,000  acre  feet. 
Total  outflow  during  filling  period,  182,000  acre  feet. 
Data  for  equivalent  uniform  flood : 

%  of  maximum  outflow =3530  acre  feet  per  hour. 
Duration  of  equivalent  uniform  flood =182,000/3540 

=i51.4  Hours. 
Intensity   of   equivalent   uniform   flood  =  334,000/51.4 

=  6500  acre  feet  per  hour. 

(3)  Approximate  methods  for  establishing  equivalent  unifonn 
flood*  In  retarding  basin  studies  occasions  often  arise  on  which  it  is 
desired  to  obtain  an  approximate  estimate  of  the  action  of  a  particular 
flood  in  a  particular  retarding  basin  without  going  to  the  labor  of 
making  an  exact  step-method  solution  for  the  problem.  In  such  cases 
an  experienced  computer  can  estimate  by  judgment  the  duration  of  a 
uniform  flood  which  will  be  practically  equivalent  to  the  given  flood. 
Under  favorable  circumstances  the  results  of  estimates  made  in  this 
way  will  check  the  step  method  values  with  remarkable  closeness. 
This  method  of  working  is  in  general  most  successful  in  the  case  of  a 
sudden  flood  occurring  in  a  basin  where  the  outlets  are  relatively 
small  and  the  ratio  of  maximum  outflow  rate  to  maximum  inflow  rate 
correspondingly  low.  The  diflSculty  of  estimating  an  equivalent  uni- 
form flood  by  judgment  is  much  increased  if  the  flood  rises  gradually 
or  the  retarding  effect  of  the  basin  is  slight. 

The  first  step  in  the  process  of  estimating  an  equivalent  uniform 
flood  is  to  locate  the  point  e,  figure  72,  on  the  inflx)W  hydifograph. 
This  point  determines  the  end  of  the  filling  period,  or  instant  at  which 
the  outflow  attains  its  maximum  value  e  /.  In  many  retarding  basin 
problems  the  maximum  permissible  outflow  is  determined  beforehand, 
from  considerations  regarding  the  degree  of  protection  required  and 
the  cost  of  channel  improvement  in  the  cities  to  be  protected.  In 
such  cases  the  point  e  can  be  definitely  fixed  at  the  point  on  the  fall- 
ing side  of  the  inflow  hydrograph  where  the  inflow  equals  the  per- 
missible maximum  outflow.  If  the  nature  of  the  problem  to  be  solved 
is  such  that  the  maximum  outflow  e  f  is  not  known  at  the  beginning, 
the  proper  location  of  e  can  be  established  only  by  trial  computations, 
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first  assuming  a  location  for  e  and  then  seeing  if  the  value  obtained 
for  the  final  outflow  rate  checks  the  ordinate  e  /.  It  should  be  noticed 
that  some  variation  in  the  position  of  the  point  /  makes  no  appreciable 
error  in  the  computed  value  of  the  maximum  outflow  or  the  maximum 
stage  reached  in  the  retarding  basin. 

The  principal  difficulty  in  determining  an  equivalent  uniform 
flood  by  judgment,  occurs  in  the  location  of  the  initial  ordinate,  a  c, 
figure  72.  No  simple  rule  applicable  to  all  cases  can  be  given  for  es- 
tablishing the  position  of  this  ordinate.  Where  a  flood  rises  sud- 
denly, it  is  true  in  general  that  the  start  of  the  equivalent  uniform 
flood  is  at  or  very  near  the  beginning  of  the  sudden  rise.  The  out- 
flow hydrograph  corresponding  to  a  uniform  inflow  in  a  typical  re- 
tarding basin  with  conduit  outlets  is  approximately  a  fifth-power 
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PIG.  73.— EXAMPLBB  OP  PARABOLIC  OUTFLOW  CUBVES  FOB  FLOODS 

OF  UNIFOBM  INTENSITY. 

Each  rectangle  represents  a  uniform  flood  and  is  equivalent  in  area  to  the 
triangular  flood  less  the  portion  to  the  right  of  the  ordinate  representing  maxi- 
mum outflow.  The  three  cases  selected  give  protection  ratios  as  indicated,  these 
ratios  being  the  proportion  which  the  maximum  flood  inflow  bears  to  the  maxi- 
mum outflow  through  the  conduits. 


parabola.  The  exact  shape  of  this  curve  for  three  different  cases  is 
shown  in  figare  73.  The  flood  hydrograph  is  represented  by  the  isos- 
celes triangle  indicated  by  the  full  lines.  Three  alternative  uniform 
floods,  each  exactly  equivalent  to  the  inflow  from  the  triangular 
flood  during  the  filling  period,  are  shown  by  rectangles  numbered 
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1,  2,  and  3.  The  outflow  curves  corresponding  to  these  uniform 
floods  are  similarly  numbered,  and  to  facilitate  further  identification 
each  is  drawn  with  the  same  sjrmbol  used  in  drawing  the  rectangular 
flood  of  which  it  is  the  outflow.  When  the  initial  ordinate  of  the 
equivalent  uniform  flood  is  correctly  located,  the  area  under  its  semi- 
parabolic  outflow  curve  will  equal  the  area  under  the  actual  outflow 
curve*  for  the  filling  period.  If  the  computer  can  form  a  mental 
picture  of  probable  shapes  of  and  relation  of  these  two  curves  without 
actually  drawing  them,  he  can  from  thi§  often  locate  the  initial)  point 
of  the  former  with  sufiicient  precision  for  many  practical  purposes. 

Where  the  total  inflow  is  considered  as  starting  from  some  arbi- 
trary point  of  low  stage,  as  ^  in  figure  72  (assumption  A)y  the  fol- 
lowing procedure  is  helpful  in  locating  the  starting  point  of  the  equiv- 
alent uniform  flood.  In  figure  72  sketch  in  by  eye  the  probable 
position  of  the  actual  outflow  curve;  make  e'  f  equal  %  ot  e  f  and 
draw  in  the  horizontal  line  e'  6';  estimate  area  (2)  equal  to  area  (1), 
and  locate  the  line  a  c  so  that  area  (4)  will  equal  area  (3).  The  proof 
of  this  rule  follows  readily  from  the  fact  that  the  area  under  tlie 
actual  outflow  curve,  during  the  filling  period,  is  practically  equal  to 
five-sixths  of  the  maximum  outflow  times  the  duration  of  the  equiva- 
lent uniform  flood. 

An  approximate  rule  which  may  be  used  to  locate  the  position  of 
the  initial  ordinate  of  the  equivalent  uniform  flood,  is  to  make  a  b, 
figure  72,  a  definite  fraction  of  /  e.  It  was  found  by  experience  in 
routing  the  March  1913  flood  through  the  basins  of  the  Miami  Con- 
servancy District,  that  the  results  of  the  step  method  eould  be  closely 
checked  by  the  five-sixths  rule  if  a  ft  was  taken  as  five-sixths  of  e  f, 
and  the  total  inflow  computed  by  assumption  B,  see  page  194.  This 
rule,  however,  does  not  hold  good  for  all  types  of  inflow  hydrographs 
and  should  not  be  used  unless  it  can  be  checked  by  step  methods  or 
by  inspection  for  the  particular  type  of  inflow  curve  under  con- 
sideration. 

When  the  location  of  the  initial  ordinate  a  c,  figure  72,  has  been 
decided  upon  by  one  method  or  another,  the  length  of  this  ordinate, 
or  intensity  of  the  equivalent  uniform  flood,  is  found  by  dividing  the 
total  inflow  by  the  duration  of  the  filling  period. 

Figures  74,  75,  and  76  illustrate  the  selection  of  equivalent  uni- 
form floods  for  three  diflferent  types  of  triangular  flood  waves.  The 
dotted  lines  in  these  figures  show  the  equivalent  uniform  fioods  as 
computed  under  assumption  A.  The  use  of  assumption  B  would  give 
somewhat  shorter  and  higher  rectangles.  In  figure  76,  however,  it  is 
impossible  to  determine  any  equivalent  uniform  flood  if  assumption  B 
is  used. 
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Two  extreme  cases  are  shown:  figure  74,  in  which  the  final  ordi- 
nate of  the  uniform  flood  must  coincide  with  the  vertical  side  of  the 
triangular  flood  wave,  thereby  fixing  the  position  of  the  initial  ordi- 
nate; and  figure  76,  in  which  it  becomes  necessary  for  the  initial 
ordinate  to  precede  by  a  brief  time  interval  the  beginning  of  the  flood 
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EXAMPLBB  OF  EQUIVALENT  UNIFOBM  FLOODS  FOJB  THREE  TYPES 

OP  TBIAN0ULAB  FLOOD  WAVES. 


wave.  These  two  cases  illustrate  the  di£Sculty  of  finding  any  rule  of 
universal  application  to  supplement  the  judgment  of  the  computer  in 
establishing  the  beginning  of  an  equivalent  uniform  flood. 

Appreciable  differences  are  apparent  also  in  the  outflow  curves  of 
the  three  triangular  flood  types  shown,  calling  for  values  of  r  dif- 
fering from  the  %th'  value  previously  discussed. 

Possibility  of  using  equivalent  trUingular  floods.  The  flood  hy- 
drographs  of  some  rivers  are  more  nearly  triangular  than  rectangular 
in  shape.  The  curves  of  figures  74,  75,  and  76,  suggest  the  possibility 
of  representing  such  hydrographs  by  equivalent  triangular  floods, 
whose  outflow  could  be  computed  by  the  aid  of  a  table  giving  values 
of  r  for  triangular  flood  peaks  with  different  shapes  and  protection 
ratios.  For  example:  the  value  of  r  for  an  isosceles  inflow  triangle 
in  a  basin  with  a  protection  ratio  of  4  to  1,  as  in  figure  75,  would  be 
%.  If  a  sufficiently  extensive  table  of  such  values  of  r  were  con- 
structed for  various  triangular  hydrographs,  a  considerable  degree 
of  accuracy  might  be  attained  in  approximate  flood  routing  computa- 
tions by  replacing  the  given  inflow  curves  by  their  equivalent  trian- 
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gular  floods.  Howeyer,  since  the  element  of  judgment  cotdd  not  in 
any  case  be  eliminated  in  selecting  the  equivalent  flood,  it  appears  on 
the  whole  simpler  in  routing  floods  by  approximate  methods  to  de- 
pend only  on  rectangular  equivalent  floods,  having  the  practically 
constant  outflow  ratio  r==%. 


CHAPTER  Vin.— FACTORS  AFFECTING   THE 
HEIGHT  OF  DAMS  AND  SIZE  OF  OUTLET 

CONDUITS 

Many  of  the  considerations  which  affect  the  height  of  dam  and 
size  of  outlet  required  for  a  given  retarding  basin  have  been  dis- 
cussed in  detail  in  this  and  preceding  volumes  of  the  Technical  Re- 
ports. In  the  present  chapter  the  principal  results  of  these  discus- 
sions are  reviewed  and  summarized,  and  the  method  used  in  combin- 
ing them  in  the  design  of  any  individual  basin  is  illustrated.  In  this 
connection  a  brief  description  is  also  given  of  extensive  studies  which 
were  made  to  determine  the  effect  which  the  design  of  the  basins 
would  have  upon  their  operation  during  floods  of  different  magni- 
tudes. The  actual  final  selection  of  the  heights  of  dams  and  size  of 
outlet  conduits  for  the  basins  is  explained  in  chapter  XII,  on  the  bal- 
ancing of  the  system  as  a  whole. 

VARIOUS  CONTROLLING  FACTORS 

.  Four  principal  factors  control  the  height  of  dam  and  size  of  outlet 
conduit  required  for  an  individual  retarding  basin.    These  are: 

(1)  the  nature  of  the  maximum  flood  to  be  provided  for; 

(2)  the  maximum  outflow  rate  permitted; 

(3)  the  location  of  the  dam,  as  affecting  the  storage  obtainable  at  dif- 

ferent depths ;  and 

(4)  the  type  of  outlet  to  be  used. 

In  designing  the  basins  of  the  Miami  Conservancy  District,  each  of 
these  factors  was  made  the  subject  of  extensive  studies  and  investiga- 
tions. The  final  conclusions  reached  as  a  result  of  these  researches 
are  given  in  the  following  paragraphs. 

(1)  The  maximum  inflow,  or  Official  Plan  flood,  to  be  provided 
for  in  designing  the  outlet  conduits  and  fixing  the  spillway  eleva- 
tions, was  taken  at  10  inches  runoff  in  3  days  for  the  Englewood, 
Germantown,  and  Lockington  basins,  and  9^  inches  in  3  days  for  the 
Taylorsville  and  Huffman  basins.  This  runoff  is  about  40  per  cent  in 
excess  of  that  of  the  1913  flood.  These  figures  represent  the  outcome 
of  the  very  extensive  researches  on  rainfall  and  runoff,  which  are  de- 
scribed in  Parts  IV  and  V  of  the  Technical  Beports.* 

*  Oaleulation  of  Flow  in  Open  Channels,  by  Ivan  £.  Houk,  Technical  Beports, 
Part  rV;  and  6torm  Bainfall  of  Eastern  United  States,  Technical  Beports,  Part 
V;  The  Miami  Oonservancy  District,  1917  and  1918. 
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(2)  The  maximum  permissible  outflow  rates  from  the  different 
basins  were  fixed  by  various  considerations.  The  combined  outflow 
rate  permitted  from  the  basins  of  the  system  as  a  whole,  was  deter- 
mined by  balancing  the  cost  of  channel  improvements  in  the  cities  to 
be  protected  against  the  cost  of  additional  basin  development;  but 
the  outflow  from  individual  basins  was  in  some  cases  controlled  by 
other  factors  than  cost.  Certain  basins  in  the  system  are  situated  so 
favorably  with  regard  to  topography  and  existing  improvements  that 
it  was  economical  to  develop  them  to  the  fullest  extent  possible,  using 
the  less  favorably  situated  basins  only  to  make  up  the  total  of  the 
required  protection.  The  former  type  is  approached  by  the  basins  at 
Englewood,  Germantown,  and  Lockington,  and  the  latter  type  by 
those  at  Taylorsville  and  Huffman.  In  the  first  three,  the  chief 
factors  which  limited  the  degree  of  development  and  fixed  the  mini- 
mum size  of  the  conduits  were:  (a)  the  necessity  of  providing  open- 
ings sufficiently  large  to  avoid  danger  from  floating  trash;  and  (b) 
the  desirability  of  having  the  basins  empty  themselves  with  reason- 
able rapidity  after  a  flood,  both  to  provide  protection  in  case  of  a 
second  flood  and  to  avoid  prolonged  flooding  of  farm  lands.  In  the 
last  two  of  the  basins  mentioned  the  maximum  permissible  outflows 
were  established  by  careful  estimates  of  cost  and  studies  of  the  action 
of  the  system  as  a  whole. 

The  flfth  line  of  table  9  gives  the  maximum  outflow  rates  assumed 
for  the  various  basins  in  making  the  final  design.  The  degree  of  de- 
velopment to  which  the  flood  retarding  possibilities  are  carried  in  each 
basin  is  indicated  in  the  thirteenth  line  of  this  table,  which  gives  the 
protection  ratio,  or  ratio  of  maximum  inflow  rate  to  maximum  outflow 
rate,  as  used  in  the  final  plan. 

(3)  The  locations  of  the  damsites,  as  affecting  the  storage  obtain- 
able at  different  depths,  were  decided  upon  after  exhaustive  surveys 
had  been  made  of  surface  and  subsurface  conditions.  The  area  and 
capacity  curves  at  the  various  basins  have  been  given  in  figures  37 
and  38.  These  curves  can  be  approximately  reproduced  by  using  in 
the  equations  a  =  Ch^  and  8=^}iCh\ 

(4)  The  types  of  outlets  used  at  the  various  basins  were  chosen 
as  the  result  of  extensive  studies  made  by  the  designing  engineers  of 
the  District.  For  each  outlet  as  designed  it  was  found  possible  to 
express  the  approximate  outflow  rate  at  high  heads  by  an  equation  of 
the  form  o=Bh^,  or  for  outlets  of  similar  design  and  shape  but  with 
the  linear  dimensions  of  the  cross-section  slightly  increased  or  de- 
creased in  the  ratio  d/di,  by  an  equation  of  the  form  o=JBi(d/di)*fc^ 
=^Bh^.  Values  of  B  used  in  the  approximate  flnal  design  of  the 
basins  are  given  in  the  twelfth  line  of  table  9. 
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Tftlila  9.— Summary  of  Ctompntattona  of  Ketardlng  Basin  Sises  for  the  Official 
Plan  Flood  with  the  Aid  of  the  FiYO-Siztlis  Bnla. 


Symbols 

ReUrdlnc  Basliu 

• 

Oennan- 
town 

Entfewood 

Loeklngton 

Taylon- 
YlUe 

Huffnum 

1.  Area  of  water- 

) 

shed,   square 

miles 

270 

651 

255 

878 

671 

2.  Total  flood  run- 

off, inches  on 

watershed  . . . 

10 

10 

10 

91 

91 

3.  Duration   of 

flood    runoff, 

hours 

T 

72 

72 

72 

72 

72 

4.  Total    inflow, 

. 

acre  feet 

IT 

144,000 

347,200 

121,200* 

474,000t 

340,000 

5.  Maximum  per- 

missible out- 

flow rate,  acre 
feet  per  nour. 

0 

826 

990 

744 

4,550 

2,890 

6.  Maximum  pei^ 

misBible  out- 

flow, rate  sec- 

ond feet 

10,000 

12,000 

9,000 

55,000 

35,000 

7.  Approximate 

total  outflow. 

acre  feet 

5/eOT 

50,160 

59,400 

44,640 

273,000 

173,400 

8.  Maximum 

■ 

storage,  acre 

feet 

-6ieOT 

93,840 

287,800 

76,560 

201,000 

166,600 

A^^^^V  ••••••••• 

9.  Maximum  sur- 

face elevation. 

feet  above  sea 

level 

E 

812 

873 

940 

819 

834 

10.  Elevation     of 

sero  head, 

feet  above  sea 

% 

level 

Eo 

732 

781.5 

885 

779 

793 

11.  Maximum 

head,  feet 

80 

91.5 

55 

40 

41 

12.  Constant  B  in 

outflow  depth 

equation,    to 
pvediscnarge 

m   acre   feet 

per  hour 

13.  Ratio: 

B 

93 

103 

100 

720 

451 

Maximum  in- 

flow rate 

3.3 

6.6 

3.4 

1.9 

2.1 

Maximum  out- 

^^•^^ 

%^*x^ 

^  9^^ 

flow  rate 

*  Allows  for  storage  in  Loramie  State  Beservoir. 

t  Inelndes  outflow  from  Loeklngton  Basin  and  allows  for  storage  in  Lewistown 
State  Beservoir. 
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COMBINING    THE    CONTROLLING    FACTORS    IN    RETARDING 

BASIN  DESIGN 

When  the  four  chief  factors  which  control  the  design  of  a  retard- 
ing basin  have  been  determined,  as  in  the  above  summary,  there  is  no 
room  for  farther  choice  regarding  the  size  of  the  dam  or  outlets,  for 
the  data  assumed  leads  to  single  definite  values  for  both  the  maxi- 
mum depth  of  water  stored  in  the  basin,  and  the  size  of  the  conduits 
required.  To  determine  these  values  approximately  by  the  five-sixths 
rule,  if  the  necessary  preliminary  data  is  at  hand,  requires  but  the 
work  of  a  few  moments.    The  process  consists  of  five  steps. 

(1)  Estimate  from  the  assumed  maximum  flood  hydrograph  the 
duration  of  the  equivalent  uniform  flood  (this  was  assumed  as  72 
hours),  and  compute  the  total  inflow  during  this  period. 

(2)  Estimate  the  total  outflow  during  the  period  just  computed 
as  five-sixths  of  the  maximum  outflow  rate  times  the  duration  of  the 
period. 

(3)  Find  the  maximum  storage  required  by  subtracting  the  total 
outflow  from  the  total  inflow. 

(4)  Find  the  corresponding  maximum  head  of  water  in  the  basin 
by  the  storage  elevation  curve  or  formula.  This  fixes  the  maximum 
flood  water  elevation  in  the  basin,  and  this,  in  turn,  is  the  chief 
factor  in  determining  the  height  of  the  dam. 

(5)  From  the  outflow  depth  formulas  for  the  type  of  conduit 
used,  determine  the  dimensions  of  the  outlet  necessary  to  discharge 
the  assumed  outflow  at  the  head  computed  in  (4). 

Table  9  gives  the  details  of  this  process  as  applied  to  the  five  basins 
of  the  Miami  Conservancy  District.  The  part  of  the  process  which 
deals  with  the  determination  of  the  dimensions  of  the  outlet  conduits 
is  not  shown  in  table  9,  having  been  explained  in  detail  in  chapter  YI. 

It  should  not  be  assumed  that  the  actual  computations  for  the 
design  of  any  one  of  the  retarding  basins  of  the  Miami  Conservancy 
District  were  as  simple  as  those  indicated  in  table  9.  Although  this 
table  summarizes  the  essential  steps  in  the  process  of  design,  it  makes 
no  record  of  the  many  tentative  plans  and  calculations  which  were 
necessary  before  satisfactory  values  could  be  obtained  for  the  final 
rates  of  maximum  outflow  and  the  outflow  depth  curve  coefficients. 

In  general,  it  is  desirable  to  check  and  revise  by  step  methods  any 
important  preliminary  computations  made  by  the  five-sixths  rule.  In 
the  case  of  the  computations  of  table  9,  however,  there  is  found  to  be 
very  little  difference  between  the  values  obtained  by  the  approximate 
and  exact  methods.  This  is  true  on  account  of  the  nature  of  the  arbi- 
trarily assumed  maximum  flood  on  which  these  computations  are 
based. 
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STUDY  OF  RETARDING  BASIN  OPERATION 

Knowledge  of  the  probable  behavior  of  a  retarding  basin  in  iSoods 
of  different  magnitudes  is  in  ordinary  cases  prerequisite  for  the  eco- 
nomic design  of  such  a  basin.  It  has  already  been  pointed  out  that  in 
a  flood  control  system  by  dry  reservoirs  it  is  usually  economical  to 
develop  the  flood  retarding  properties  of  certain  sites  to  the  fullest 
possible  extent.  However,  as  it  is  out  of  the  question  to  develop  a 
basin  to*  the  extent  of  shutting  off  the  entire  flow  from^  its  tributary 
watershed,  it  becomes  necessary  in  the  course  of  the  design  to  deter- 
mine by  studies  of  operative  conditions  how  far  it  is  safe  or  prac- 
ticable to  carry  such  development. 

The  factor  which  ordinarily  governs  the  minimum  size  permissible 
for  the  outlet  conduits  of  a  retarding  basin,  is  the  length  of  the  period 
required  for  the  basin  to  become  empty  after  a  flood.  It  is  desirable 
for  two  reasons  that  this  period  should  not  be  excessively  long:  first, 
that  protection  may  be  available  in  case  of  another  flood  coming  soon 
after  the  first;  and  second,  that  interference  with  farming  operations 
in  the  basin  area  may  be  avoided  as  far  as  possible.  In  order  to  inves- 
tigate this  subject  quantitatively  during  the  design  of  the  basins  of 
the  Miami  Conservancy  District,  comprehensive  studies  were  made 
to  determine  the  probable  action  of  these  basins  during  all  floods  for 
which  records  could  be  obtained.  These  studies  were  also  intended  to 
furnish  a  basis  for  securing  land  easements,  or  flooding  rights,  and 
the  appraisal  of  damages  within  the  basin  areas. 

Sources  of  Data 

At  the  beginning  of  the  studies  of  retarding  basin  operation,  prac- 
tically no  gagings  were  available  on  the  tributaries  of  the  Miami 
River.  Daily  readings  of  the  river  gage  at  Dayton  had  been  recorded 
since  1893.  In  this  record  28  principal  floods  were  noted  as  having 
occurred  during  the  24  years  from  1893  to  1916  inclusive.  In  the 
absence  of  other  data  an  estimate  of  the  probable  occurrence  of  floods, 
at  the  various  damsites  during  this  24-year  period,  was  made  by  pro- 
rating the  hydrographs  of  the  28  Dayton  floods  among  the  tributary 
watersheds  according  to  the  sliding-coefficient  method  explained  in 
chapter  Vll. 

It  must  be  recognized  that  this  method  of  estimating  tributary 
floods,  even  at  its  best,  gives  results  which  are  comparative  only,  and 
not  literally  true  in  any  particular  case.  Assuming  that  the  sliding 
coefficient  can  be  adjusted  to  give  the  proper  proportions  of  different 
runoff  rates  during  a  flood,  there  is  no  assurance  that  it  gives  the  cor- 
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rect  times  at  which  these  rates  occurred.  For  example :  the  estimated 
hydrograph  for  the  1913  flood  at  the  Englewood  damsite,  figure  32, 
indicates  that  at  6  p.m.  on  March  25,  1913,  the  Stillwater  river  at  this 
location  reached  its  peak  discharge  rate  of  85,000  second  feet.  As  a 
matter  of  fact,  there  is  no  evidence  to  show  that  this  tributary  actu- 
ally attained  this  particular  discharge  at  this  particular  time.  At 
this  instant  in  actual  history  it  may  have  been  true  that  other  tribu- 
taries were  making  up  a  large  part  of  the  Dayton  discharge,,  and  the 
flow  from  the  Stillwater  river  was  below  its  peak  stage.  Besides  being 
misleading  in  matters  of  detail,  this  method  of  estimating  past  floods 
has  a  tendency  to  give  less  than  the  true  values  for  the  larger  floods. 
In  spite  of  these  limitations,  however,  the  method  probably  represents 
the  most  practicable  system  available  for  using  the  existing  data  in 
the  study  of  retarding  basin  operation,  and  gives  results  which  are 
valuable  when  properly  interpreted. 

Construction  of  Outflow  Hydrographs 

After  constructing  inflow  curves  in  the  above  manner  for  the  28 
floods  at  each  of  the  five  damsites,  and  after  determining  the  neces- 
sary area-depth  and  outflow-depth  curves  for  the  basins  as  then  de- 
signed, the  next  step  in  the  detailed  study  of  retarding  basin  opera- 
tion was  to  route  each  estimated  flood  through  its  corresponding 
basin,  obtaining  as  a  result  140  different  outflow  hydrographs.    Fig- 


?oo 


Time  in  Hours 


FIG.  77.— INFLOW  AND  OUTFLOW  HYDROGRAPHS  OP  STILLWATER 
RIVER  AT  ENGLEWOOD  RETARDING  BASIN,  FOR  A  FLOOD  LIKE  THAT 
OF  OCTOBER   1910. 
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upes  31  to  35  inclusive,  on  pages  101  to  105,  chapter  IV,  show  the 
inflow  and  outflow  curves  obtained  for  the  five  basins  during  the  flood 
of  March  1913.  Figures  77  and  78  give  the  hydrographs  for  the  flood 
of  October  1910  in  the  Englewood  and  Huffman  basins.  The  latter 
represents  a  typical  dry-weather  flood,  such  as  might  occur  during  the 
farming  season.  The  retarding  effect  of  the  basins  is  seen  to  be  much 
less  pronounced  in  the  case  of  the  smaller  flood  than  in  that  of  the 
1913  flood. 

The  computations  for  this  study  were  made  by  step  methods,  using 
the  trial^nd-error  process  explained  in  the  preceding  chapter.  A 
summary  of  the  principal  data  obtained  from  the  outflow  hydrographs 
constructed  for  the  flve  retarding  basins,  is  given  in  tables  XII,  XIII, 
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PIG.  78.— INFLOW  AND  OUTFLOW  HYDBOGRAPHB  OF  MAD  BIVER 
AT  HUFFMAN  BBTARDING  BASIN  FOB  A  FLOOD  LIKE  THAT  OF 
OOTOBEB  1910. 


XIV,  XV,  and  XVI  of  the  Appendix.  Only  27  of  the  28  floods 
mentioned  above  appear  in  table  XIII,  the  reason  being  that  on  ac- 
count of  the  long  emptying  period  of  the  Englewood  basin,  the  floods 
of  March  2  and  March  6,  1908,  combined  in  it  to  form  a  single  outflow 
peak. 

Construction  of  Duration-Depth  Curves 

Using  the  data  furnished  by  the  140  outflow  hydrographs,  dura- 
tion-depth curves  for  the  flooding  caused  by  the  28  floods,  in  each  of 
the  retarding  basins,  were  next  platted.  Figure  80  shows  these  curves 
for  the  Gtermantown  basin.  The  method  used  in  plotting  each  curve 
was  as  follows :  The  interval  of  time  during  which  the  outflow  rate  of 
a  given  flood  exceeded  any  chosen  value,  was  found  by  scaling  the 
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PIG.  79.— AREAS  FLOODED  AND  TIME  OF  SUBMEBGENCE  IN  THE  FIVE 
KETARDING  BASINS  FOR  A  FLOOD  LIKE  THAT  OF  MARCH  1913. 


horizontal  intercept  corresponding  to  that  outflow  rate  on  the  outflow 
hydrograph.  The  corresponding  elevation  of  water  surface  in  the 
basin  was  read  from  the  outflow-elevation  or  rating  curve  for  the  out- 
let.   Platting  the  interval  of  time  as  abscissa  and  the  corresponding 
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surface  elevation  as  ordinate,  established  a  point  on  the  desired  dura- 
tion depth-curve  for  the  given  flood  in  the  given  basin. 

It  is  seen  from  figure  80  that  the  duration -depth  curves  of  the 

various  floods  in  the  Germantown  retarding  basin  show  a  tendency  to 

assume  a  parabolic  shape  and  to  parallel  one  another  in  a  general 

way.    A  number  of  the  floods  shown  in  the  diagram,  however,  do  not 
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follow  this  tendeney.  The  total  duration  of  flooding  in  the  basin  for 
the  typical  floods  appears  to  be  ronghly  proportional  to  the  maxi- 
mam  depth  attained,  but  the  relation  is  not  sufl3cient1y  definite  to  be 
used  as  the  basis  for  a  mathematieal  rule.  The  curves  in  flgnres  81, 
82,  83,  and  84  for  the  other  retarding  basins  of  the  system  show 


212 


MIAMI  CONSEBVANCT   DI8TBICT 


tf/9tfg&Hpjo4»^tjfp96j»Uiqng  09J^ 


$111' 


iS^ 


.«§ 


M 


I 


1 


I 


I 


1 


5i 
3t 


Nllllsf->UI>*tfJJIUli|l!llll 

^   I  I  I  I  I  I  I  I        I  I  Ij  I  I  I  I  I  I  I  I  I  I  I  I  I  I 


H 


t 


o 

M 

P 


(/9A9I 09S  BAoqo  S4.qBi9^)  ut9ogS</fpj04Siy  Of  uot40A^g 


CO 
QO 


M 


O 

S3  S 

.a  I 


s  & 

§^ 
I  s 


•SE^ 


a 

I 

i 

13 

S 

o 


fl   S   « 


» 


S 

o 


n 
a>  o 
.a    « 

o  .S 
o  o 
o  qa 


II 

Pi  S 

5  IS 

P4     O 

*§  I 
II 

OB      O 

s 
s| 


a 

o 
o 

n 

0) 


i 


o 

p 

% 

o 


5 


T3 


^ 


.3 

»mt    a 


^  1  s 


P4 

O 
O 

0,    o 

.5  o 


o  .2 

o    u 


-^   & 

^  s. 

f  & 


characteristics  similar  to  those  noted  in  the  case  of  Gtermantown.  The 
durations  of  flooding  are  considerably  longer  in  the  Englewood  basin, 
on  account  of  the  higher  protection  ratio  adopted  for  that  basin. 

In  order  to  visualize  the  duration  of  flooding  in  the  various  basins 
with  respect  to  the  amount  of  land  flooded  within  them,  the  scale  of 
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ordinates  at  fhe  left  of  each  diagram  was  translated  into  terms  of 
areas  submerged  by  consulting  the  area-depth  curves.  The  resulting 
figures,  expressed  in  acres,  appear  on  the  right  hand  side  of  the  dia- 
grams, and  enable  one  to  determine  for  any  particular  flood  what  ex- 
tent of  land  would  be  submerged  below  a  given  level  and  the  length 
of  time  of  such  submergence. 

The  combination  of  data  presented  in  figures  80  to  84,  renders 
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them  of  special  value  in  bringing  out  the  diflferenees  in  the  operating 
characteristics  of  the  various  retarding  basins  of  the  Miami  Con- 
servancy District.  Thus,  it  is  seen  that  the  two  basins  which  flood  the 
largest  areas,  Taylorsville  and  Huffman,  empty  themselves  in  the 
shortest  time  during  great  floods.  The  Englewood  basin,  with  its 
small  outlet  conduits  and  large  storage  capacity,  is  seen  to  require 
by  far  the  longest  time  to  empty.  In  the  construction  of  its  diagram 
it  became  necessary  to  change  the  scale  of  abscissas  beyond  the  10-day 
point  in  order  to  keep  the  entire  diagram  within  a  reasonable  com- 
pass. As  a  result,  the  parabolic  shape  of  the  curves  is  not  so  ap- 
parent there. 

The  Pianola  Diagrams 

Prom  the  duration-depth  curves  for  the  140  floods  included  in  this 
study,  frequency-of-flooding  charts  were  constructed  for  lands  at 
different  elevations  in  the  basin  areas.  These  charts  cover  the  24-year 
period  during  which  continuous  river  stage  readings  at  Dayton  were 
available.  Figures  85  and  86  reproduce  the  charts  as  constructed  for 
lands  lying  within  the  Englewood  and  Huffman  basins.  Each  chart 
is  made  up  of  bands  or  strips,  one  to  each  five  feet  of  elevation  in 
each  retarding  basin,  requiring  57  bands  for  the  entire  system.  From 
their  similarity  in  appearance  to  player  piano  rolls  these  charts  were 
known  as  the  ''pianola  diagrams." 

In  figures  85  and  86,  the  lowest  bands  show  the  flooding  conditions 
which  would  have  prevailed  at  farm  lands  on  the  valley  floor  not  far 
above  the  damsite,  if  the  dam  had  existed  during  the  24-year  period 
covered  by  the  studies.  The  upper  bands  show  corresponding  condi- 
tions for  lands  situated  in  the  upper  levels  of  thp  basins,  but  consid- 
erably below  spillway  level,  while  the  other  bands  show  conditions  at 
intermediate  elevations.  The  frequency-of-flooding  diagrams  for  the 
other  retarding  basins  of  the  system,  though  differing  in  matters  of 
detail,  are  similar  in  general  appearance  to  those  in  figures  85  and 
86,  and  lead  to  the  same  general  conclusions  regarding  damage  to 
farm  lands  within  the  basin  areas. 

By  charting  the  frequency  of  flooding  in  this  manner  a  remark- 
ably complete  picture  of  probable  conditions  of  land  submergence  in 
the  retarding  basins  was  obtained.  The  diagrams  bring  out  with 
great  clearness  the  relative  in  frequency  of  floods  during  the  growing 
season  for  crops.  In  figure  86  only  two  dry-season  floods  are  shown 
as  occurring  during  the  entire  24  years  of  record,  one  of  them,  shown 
in  the  lowest  line  of  the  figure,  being  barely  sufficient  to  submerge  the 
lowest. lands  in  the  basin.  Most  of  the  floods  during  the  period  cov- 
ered are  seen  to  have  occurred  during  early  spring  and  late  winter. 
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Such  floods  are  considered  to  be  a  benefit  rather  than  a  detriment  to 
the  land,  on  account  of  the  increase  in  fertility  which  they  produce. 

It  is  interesting  to  note  that  in  carrying  out  the  final  plans  of  the 
Miami  Conservancy  District,  it  was  not  possible  to  persuade  the 
owners  of  the  accuracy  of  forecasts  of  floods,  based  upon  informa- 
tion furnished  by  the  pianola  diagrams.  Practically  all  lands  in  the 
basins  lying  below  the  level  which  would  have  been  attained  by  the 
1913  flood  were  purchased  outright  by  the  District,  in  order  to  avoid' 
litigation  and  dispute  over  the  value  of  easements.  In  selling  the 
lands  subject  to  flooding,  however,  these  diagrams  were  generally 
relied  upon  by  the  purchaser  as  being  representative,  and  the  prices 
secured  were  materially  affected  by  these  estimates.  The  purchase  of 
these  lands  by  the  District  itself  does  not,  of  course,  obviate  the  neces- 
sity for  designing  the  dams  and  outlets  in  a  way  to  avoid  unnecessary 
interference  with  farming  operations  in  the  basins. 

A  careful  study  of  figures  85  and  86,  and  the  corresponding  charts 
for  the  other  basins,  however,  shows  that  it  is  not  within  the  power  of 
the  designer  to  control  interference  with  farming  operations  in  the 
basins  to  any  appreciable  extent.  As  noted  before,  only  two  floods 
would  have  occurred  in  the  Huffman  basin  in  the  farming  season  dur- 
ing the  24  years  of  record.  To  have  lowered  the  crests  of  these  floods 
enough  to  reduce  to  any  considerable  extent  the  area  of  land  sub- 
merged, would  have  required  an  increase  in  the  size  of  the  outlet 
conduits  out  of  all  proportion  to  the  benefit  produced.  Even  at  the 
Englewood  basin,  where  the  conduits  are  much  smaller  than  at  Huff- 
man and  the  retarding  effect  on  small  floods  proportionately  greater, 
it  is  difficult  to  determine  from  the  pianola  diagrams  that  any  appre- 
ciable reduction  in  interference  with  farm  operation  would  be  se- 
cured by  a  considerable  enlargement  of  the  conduits.  From  this 
standpoint  the  results  of  the  detailed  study  of  retarding  basin  opera- 
tion were  largely  negative. 

Basin-Recovery  Curves 

An  important  question  influencing  the  design  of  a  retarding  basin 
is  how  it  would  act  in  the  case  of  two  large  storms  occurring  in  close 
succession.  In  order  to  study  this  question,  the  140  outflow-hydro- 
graphs  mentioned  above  were  used  to  construct  basin-recovery  curves 
similar  to  those  shown  in  figure  87.  These  curves  show  not  only  the 
total  time  required  to  empty  the  basins  after  a  flood,  but  the  times  at 
which  different  percentages  of  the  total  storage  capacity  of  the  basin 
become  available  after  the  passing  of  the  maximum  stage.  The  large 
safety  factor  provided  in  the  design  of  the  basins  of  the  District  is 
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well  illustrated  in  these  recovery  diagrams.  For  example,  as  shown 
in  figure  87,  about  25  per  cent  of  the  total  capacity  of  the  Huffman 
basin  below  spillway  level  would  remain  empty  even  at  the  peak  stage 
of  a  flood  similar  to  that  of  March  1913.  Within  three  days  60  per 
cent  of  the  basin  capacity  would  be  available  to  receive  a  second  flood, 
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FIG.  87.— BBOOVEBY  OP  CAPACITY  OP  THE  ENGLBWOOD  AND 
HUFPMAN  BETABDING  BASINS  AFTEB  A  PLOOD  LIKE  THAT  OP 
MABCfH  1913. 

and  in  five  days  after  peak  stage  practically  the  whole  protecting 
power  of  the  basin  would  be  recovered.  While  the  recovery  of  the 
Englewood  basin  is  much  slower  than  that  of  the  Huffman,  it  is  seen 
from  figure  87  that  within  a  week  after  the  passing  of  the  peak  stage 
of  the  1913  flood,  50  per  cent  of  the  protecting  capacity  of  the  basin 
would  be  restored. 


Probability-of-flooding  Diagrams 

The  detailed  study  of  retarding  basin  operation,  during  past 
floods,  also  furnished  data  for  constructing  probability  diagrams, 
figure  88,  giving  the  probable  intervals  of  time  at  which  lands  lying 
at  different  levels  in  the  basins  might  be  submerged.  The  lower  part 
of  these  curves  was  constructed  by  using  frequencies  computed  from 
the  28  floods  occurring  during  the  24  years  covered  by  the  studies. 
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while  the  upper  portions  of  the  curves  were  based  on  previous  studies 
of  the  probable  frequency  of  extreme  floods.  On  account  of  the  sea- 
sonal distribution  of  the  floods  in  the  Miami  valley — only  a  small 
number  of  those  shown  on  the  pianola  diagrams  occurring  in  the 
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Period  of  Probab/e  Recurrence ,  in  Years 

FIG.  88.— PBOBABIUTY  OP  FLOODING  OF  LANDS  AT  DIFFERENT 
ELEVATIONS  IN  THE  ENGLEWOOD  AND  HUFFMAN  RETARDING 
BASINS. 


growing  season — it  is  difficult  to  make  use  of  probability-of-flooding 
diagrams  as  shown  in  figure  88  for  answering  questions  concerning 
damage  to  farm  lands  within  the  basin  areas. 


CHAPTEE  IX.— DETEEMINATION  OF 
CAPACITY  OF  SPILLWAYS 

GENERAL  PRINCIPLES 

Each  of  the  dams  of  the  Miami  Conservancy  District  is  provided 
with  a  spillway  near  its  top.  It  is  extremely  improbable  that  any  of 
these  spillways  will  ever  come  into  use.  Their  function  is  to  stand 
ready  to  protect  the  dams  from  breaking  should  a  calamitous  flood 
occur  far  greater  than  any  known  in  the  experience  ^of  the  present 
and  past  generations. 

The  selection  of  the  size  of  a  great  imaginary  flood  to  be  used  in 
designing  the  protection  works  for  the  safety  of  the  retarding  basin 
system  was  a  problem  which  could  not  be  solved  on  a  purely  mathe- 
matical basis.  It  involved  elements  of  judgment  and  of  imagination. 
This  was  true  for  the  reason  that  in  storing  enormous  volumes  of 
flood  water  above  the  cities  and  towns  of  a  populous  valley,  it  is  jus- 
tifiable and  right  to  provide  a  degree  of  safety  far  in  excess  of  the 
demands  of  probability. 

It  has  been  repeatedly  mentioned  in  the  Technical  Reports  that 
the  flood  of  March  1913  was  unprecedented  in  the  Miami  Valley. 
Not  only  was  this  true,  but  in  the  monumental  research  into  the  rain- 
fall of  the  past  made  by  the  engineers  of  the  Miami  Conservancy  Dis- 
trict, no  storm  was  found  in  the  records  of  the  entire  upper  Mississippi 
valley  which  would  have  produced  a  flood  greater  than  that  of  1913  if 
centered  over  the  Miami  watershed.  It  is  true  that  heavier  rainfalls 
have  occurred  over  equal  areas  on  several  occasions,  but  always  dur- 
ing the  summer  or  fall,  when  the  proportion  of  runoif  would  have 
been  much  lower  than  in  the  early  spring.  The  runoif  of  the  1913 
flood  from  the  watershed  above  Dayton  amounted  to  7.27  inches  in  3 
days.  This  value  represents  the  extreme  limit  of  actual  knowledge 
regarding  great  floods  in  this  region.  However,  after  a  careful  study 
of  storms  occurring  at  other  places  and  seasons,  the  engineers  of  the 
District  assumed  a  flood  having  a  runoif  of  from  9.5  to  10  inches  in  3 
days  as  one  which  in  all  human  probability  would  never  be  exceeded 
in  all  future  time  at  this  location.  This  runoif  was  used  in  the  design 
of  the  outlet  conduits  and  in  determining  the  heights  of  the  spillway 
crests,  and  has  been  referred  to  in  preceding  chapters  as  the  Official 
Plan  flood. 

Although  a  considerable  element  of  imagination  was  required  in 
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the  choice  of  this  imaginary  Official  Plan  flood,  on  account  of  its  ex- 
ceeding all  past  records,  far  more  imagination  was  required  in  select- 
ing a  yet  greater  flood  to  serve  as  a  basis  for  spillway  design.  Its 
magnitude  was  arbitrarily  taken  at  14  inches  in  3  days,  or  nearly 
twice  the  3-day  runoff  of  the  1913  flood. 

The  occurrence  of  such  a  flood  would  not  exhaust  the  reserve 
capacity  of  the  design,  for  the  spillways  provide  in  such  event  for  a 
depth  of  water  of  from  10  to  14  feet  over  their  crests.  The  actual 
tops  of  the  earth  dams  are  about  five  feet  above  this  level.  It  is  well 
known  that  the  discharge  of  a  spillway  weir  is  nearly  doubled  when 
the  head  upon  it  is  increased  one-half.  Therefore,  if  the  basins  should 
already  be  filled  to  the  spillways,  before  the  first  trickle  of  water  could 
be  forced  across  the  paved  tops  of  the  dams,  a  second  deluge  far 
greater  than  even  this  assumed  flood  would  have  to  occur.  Results 
of  computations  concerning  such  a  cataclysmic  flood  for  the  various 
basins  are  given  in  the  latter  part  of  this  chapter. 

Attention  should  be  called  to  the  fact  that  the  primary  purpose 
of  the  spillway  of  a  retarding  basin  is  to  prevent  overtopping  of  the 
dam,  and  not  to  reduce  flood  heights  in  the  cities  below.  In  chapter 
VI  it  was  shown  that  the  characteristics  of  a  spillway  are  much  less 
favorable  for  purposes  of  flood  control  below  the  dams  than  those  of 
an  orifice  outlet,  on  account  of  the  fact  that  the  outflow  rate  from  the 
spillway  grows  very  rapidly  as  the  head  increases.  If  the  Official 
Plan  flood  should  ever  occur  in  the  Miami  Valley,  its  flow  would  be 
so  reduced  in  passing  through  the  great  retarding  basins,  that  it 
would  traverse  the  improved  channels  in  the  cities  below  with  a  lib- 
eral margin  against  overtopping  the  levees.  For  imaginary  floods 
greater  than  this,  the  computations  show  that  the  outflow  from  the 
basins  would  increase  rapidly  as  the  spillways  would  come  into  action. 
If  imagination  pictures  a  sufficiently  great  flood,  the  corresponding 
outflow  could  be  made  to  exceed  the  capacity  of  the  leveed  channels 
below.  They  would,  however,  still  be  protected  by  the  spillways  from 
the  failure  of  the  dams,  and  would  also  be  in  much  better  position 
than  if  no  dams  existed.  The  amount  of  outflow  at  the  different  dams 
for  various  extremely  high  rates  of  flood  runoff  is  further  discussed 
in  the  next  chapter. 

TYPES  OF  SPILLWAY 

Two  types  of  spillway  structures  are  used  for  the  retarding  basins 
of  the  Miami  Conservancy  District.  At  the  Taylorsville,  Huffman, 
and  Lockington  dams  the  combined  spillway  and  outlet  structure  is 
of  solid  concrete  built  across  the  concrete  outlet  channel  which  cuts 
through  the  body  of  the  dams.    This  construction  is  shown  in  figures 
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15  and  46.  At  the  Englewood  and  Germantown  basins  the  spillway 
weirs  are  constructed  on  the  hillsides  at  or  near  the  ends  of  the  dams 
and  are  entirely  separate  from  the  outlet  conduits  which  pass  under 
the  body  of  the  earthwork,  see  figure  16.  In  all  cases  the  spillways 
are  founded  upon  solid  rock,  the  possibility  of  doing  this  being  one  of 
the  primary  considerations  which  governed  the  choice  of  the  dam- 
sites.  In  the  early  stages  of  the  designs  made  for  the  District  it  was 
planned  to  have  the  spillways  separate  from  the  outlets  at  all  the 
basins,  but  it  was  later  found  more  economical  to  adopt  the  combined 
structure  for  all  dams  except  the  two  highest  of  the  system. 

The  imaginary  flow  over  the  spillways  at  Taylorsville,  Huffman, 
and  Lockington  would  combine  with  the  outflow  from  the  conduits, 
and  its  energy  would  be  dissipated  by  the  hydraulic  jump  in  the 
deep  pool  of  the  outflow  channel.  At  Englewood  the  spillway  over- 
flow would  pass  into  a  channel  100  feet  wide  and  about  1500  feet 
long,  figure  89,  which  empties  into  a  small  natural  valley  joining  the 
main  valley  below  the  damsite.  This  outflow  channel  is  excavated  in 
rock,  has  concrete  side  walls  for  its  entire  length,  and  is  floored  with 
concrete  for  its  upper  300  feet.  The  Germantown  spillway,  figure 
90,  is  located  in  a  saddle  about  500  feet  north  of  the  dam.  Its  dis- 
charge would  pass  into  a  short  steep  outflow  channel  and  return  to 
the  river  by  way  of  a  natural  ravine. 

The  principal  dimensions  for  the  spillways  of  the  system,  as 
finally  adopted,  are  given  in  table  VII  of  the  Appendix. 

Four  of  the  five  spillways  of  the  District  are  concrete  weirs  of 
the  ogee  type.  The  fifth,  that  at  Germantown,  consists  of  a  short 
channel  crossing  a  saddle  between  two  hills  and  has  no  abrupt  drop- 
off, as  will  be  seen  in  figure  90.  The  profiles  of  the  ogee  weirs  were 
designed  to  conform  approximately  to  the  profile  of  the  lower  nappe 
of  the  overflow  from  a  sharp-crested  weir  as  determined  by  Bazin's 
experiments.  The  profiles  as  designed  agree  approximately  in  their 
upper  portions  with  the  formula  a;*  =  1.8  hy,  where  x  and  y  are  hori- 
zontal and  vertical  coordinates  measured  from  the  crest  of  the  weir, 
located  as  shown  in  figure  91,  and  h  is  the  maximum  effective  head  on 
the  weir  including  that  due  to  velocity  of  approach.  The  discharge 
over  the  spillway  weirs  per  foot  of  length  was  computed  by  the  for- 
mula: g=3.8  h^.  The  discharge  from  an  open  sluiceway,  such  as  the 
spillway  at  Germantown,  may  be  computed  by  formula  52,  page  155. 

The  coeflScient  3.8  used  in  computing  the  discharge  over  the  spill- 
ways, while  somewhat  higher  than  the  value  usually  used  for  such 
weirs,  is  believed  to  be  conservative  and  amply  justified  by  the  exist- 
ing conditions. 
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Since  the  profile  of  the  ogee  section  is  made  to  fit  the  shape  which 
would  be  taken  by  the  underside  of  the  nappe  from  a  sharp-crested 
weir,  aside  from  the  effect  of  friction,  which  would  probably  be  small, 
the  flow  will  take  place  in  the  same  manner  as  from  a  sharp-crested 
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FIG.   89.— PLAN   AND  SECTION  OF  SPILLWAY   AT   ENGLEWOOD   DAM. 


weir  and  the  discharge  will  be  3.33  H^,  the  head  H  in  this  case  being 
measured  up  from  the  point  corresponding  to  the  sharp  crest  of  the 
weir.  It  will  be  seen  from  figure  91  that  H  will  be  equal  to  1.124  A, 
where  h  is  the  head  measured  from  the  crest  of  the  ogee  section.  The 
discharge  in  terms  of  k  will  therefore  be  3.33  (1.124  h)^  or  3.97  A**. 
This  coefficient  will  apply  only  for  the  maximum  head  on  the  spillway 
or  the  head  at  which  the  concrete  section  just  fits  the  undersurface 
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FIG.   90.— PLAN   AND  SECTIONS   OF  SPXLDWAY   NEAB  QEBMANTOWN 
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of  the  nappe  as  it  would  flow  from  a  sharp-crested  weir.  For  lower 
heads  it  will  be  somewhat  less  but  since  the  greater  part  of  the  total 
discharge  from  the  spillways  will  take  place  when  the  head  is  near 
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FIG.  91.— PROPILrE  OF  SPILLWAY  CEE&T. 

the  maximum,  the  value  3.8  for  the  average  is  conservative.  The 
correctness  of  the  3.97  coefficient  for  high  heads  on  ogee  weirs  of  this 
type  has  been  indicated  by  the  results  of  numerous  published  ex- 
periments. 

STEP  METHOD  FOR  SOLVING  SPILLWAY  PROBLEMS 

The  step  method  solution  for  spillway  problems,  whether  on  the 
assumption  that  the  outlet  conduits  are  open  or  blocked,  does  not 
differ  in  principle  from  the  step  methods  described  in  detail  in  chap> 
ter  VII.  The  only  modification  necessary  occurs  in  constructing  the 
elevation-outflow  or  storage-outflow  curve,  which  must  have  the  proper 
characteristics  for  spillway  outflow  or  for  combined  spillway  and 
conduit  outflow.  Figure  92  shows  the  elevation-outflow  curve  for 
the  Lockington  retarding  basin,  as  modified  by  the  presence  of  the 
spillway.  On  account  of  the  uncertain  nature  of  the  flood  assumed 
in  designing  the  spillways,  the  labor  of  using  the  step  methods  for 
tentative  computations  concerning  the  spillways  of  the  Miami  Con- 
servancy District  did  not  appear  justifiable  except  in  rare  cases. 

INTEGRATION  FORMULAS  FOR  SPILLWAY  ACTION 

Since  the  flood  assumed  for  spillway  design  so  far  exceeds  all 
floods  actually  experienced  that  its  magnitude  can  only  be  fixed  by 
judgment  in  the  most  general  way,  it  follows  that  no  great  refine- 
ment is  needed  in  computing  the  detailed  action  of  such  a  flood  in 
passing  through  the  retarding  basins.  It  is  sufficient  for  practical 
purposes  if  the  method  of  computation  is  correct  in  its  broader  fea- 
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PIG.  92.— BELATION  BETWEEN  WATBB  SUBFACE  ELEVATIONB 
AND  OUTFLOW  AT  LOCKINOTON  BETABDING  BASIN  SHOWING 
EFFECT  OF  SPILLWAY  OVEBFLOW. 

The  steep  curve  at  the  left  shows  the  outflow  through  the  conduits  only,  its 
upper  portion  above  elevation  938  (spillway  crest)  being  drawn  assuming  no 
overflow  to  take  place  over  the  spillway.  The  curve  marked  '^ Spillway"  like- 
wise shows  only  spillway  discharges.  The  rapid  increase  in  the  latter  is  in 
striking  contrast  with  the  more  unifonn  outflow  through  the  conduits.  The 
curve  marked  "Spillway  and  Conduit"  shows  the  sum  of  spillway  and  conduit 
discharges. 


tares.  Many  of  the  tentative  calculations  of  spillway  capacity  re- 
quired for  the  basins  of  the  Miami  Conservancy  District  were  based 
on  the  four  simple  assumptions  given  below.  In  certain  cases,  where 
the  results  of  such  calculations  were  checked  by  the  step  method,  it 
was  found  that  the  values  for  the  time  of  filling  obtained  by  the  two 
methods  agreed  so  closely  that  the  scale  used  in  plotting  the  curves 
was  not  sufficiently  large  to  show  the  diflPerence. 

A  typical  hydrograph  showing  the  combined  action  of  conduits 
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and  a  spillway  is  (pven  in  ^gnre  93.  This  &gare  furnishes  a  good 
illustration  of  the  unsnitability  of  a  spillway  for  purpoBea  of  pure 
flood  protection. 

Assumptions 

The  assumptions  used  in  deriving  the  integration  formulas  for 
spillway  action  are:  (1)  that  the  rate  of  inflow  is  constant;  (2)  that 
the  discharge  over  the  spillway  varies  as  the  three-halves  power  of 
the  head;  (3)  that  the  dischai^e  of  the  tunnels  is  constant  while  the 
surface  of  the  water  is  above  spillway  level;  and  (4)  that  the  area  of 
the  water  surface  is  constant  at  all  elevations  above  the  spillway  crest. 

The  first  of  these  assumptions  is  purely  arbitrary,  for  any  other 


Tf'me 
FIG.  93.— INFLOW  AND  OUTFLOW  HYDB0GEAPH9  AT  A  RETARDING 
BASIN  WITH  SPILLWAY  OPEBATINO. 
The  usual  parabolic  oatflow  curve  is  seen  bi  posEeas  a  aharp-pointecl  protub- 
er&Dce  representing  spillway  overflon.  Far  the  short  time-  that  the  spillway 
operates  its  discharge  causes  the  maximum  outflow  from  the  basin  ta  become 
greatly  increased,  hence  lesFening  the  protection  afforded  by  the  retarding  basin. 

shape  of  inflow  hydrograpb  might  be  chosen  for  the  assumed  maxi- 
mum flood.  The  second  agrees  closely  with  actual  facts,  except  where 
the  spillway  is  relatively  short  compared  with  the  maximum  head  and 
the  end  walls  have  a  considerable  batter.  The  third  assumption  is 
not  so  far  from  the  truth  as  might  be  inferred  at  first  thought.  One 
of  the  principal  reasons  for  the  choice  of  orifice  outlets  for  the  retard- 
ing basins,  was  that  at  spillway  elevation  the  outflow  rate  from  such 
an  outlet  increases  very  slightly  with  the  bead.  The  fourth  assump- 
tion violates  actual  conditions  more  seriously  than  any  of  the  others, 
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and  might  lead  to  appreciable  errors  in  computing  the  time  required 
to  fill  a  fraction  of  the  total  storage  above  spillway  level.  It  can,  how- 
ever, introduce  no  serious  error  in  computing  the  total  time  required 
for  the  water  to  rise  to  its  maximum  depth.  In  approximate  compu- 
tations the  constant  area  referred  to  in  aasumgtion  (4)  was  usually 
taken  as  the  mean  area  flooded  between  spillway  elevation  and  the 
mHTimnTn  depth  attained. 

NoUtion 

H  ^  irinrim^m  rise  Of  head  above  spillway  level,  in  feet, 
Ti  =  time  required  for  basin  to  fill  to  spillway  level,  in  hours, 
2*^  time  required  for  the  water  surface  to  rise  from  the  spillway 

level  to  its  maximum  head,  H,  in  hours, 
2"  =  time  required  for  basin  to  empty  down  to  spillway  level,  in 

hours, 
T,  =  time  required  for  basin  to  empty  from  spillway  level  down  to 
normal  flow,  in  hours, 
/,  =  gross  uniform  inflow  rate,  assumed  constant,  in  second  feet, 
0,^  outflow  rate  from  tunnels,  assumed  constant  at  all  heads  above 
spillway  depth,  in  second  feet, 
/=/, — Oi^=net  uniform  inflow  rate  used  in  spillway  design,  in 

second  feet, 
Q  =  mazimnm  overflow  rate  from  spillway,  in  second  feet, 
A  ^average  area  of  water  surface  in  reservoir  above  spillway  level, 

in  acres, 
S= spillway  coefficient  in  formula  0=Bfl*, 


PIG.    W.— HYDEOOBAPH    OF    EETABDINO    BASIN    ODTPLOW    WITH 

SPILLWAY  OPEBATING,  AND  ASSUMING  UNIPOEM  INFLOW. 

The  diftgram  iUuatntoe  the  Dotatioa  lued  in  ipillwaj  Htodiee. 
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/r= total  net  inflow  into  reservoir,  while  the  surface  is  rising  from 
spillway  level  to  its  maximum  stage.    This  is  the  amount  of 
water  which  must  be  taken  care  of  by  the  storage  above  spill- 
way level,  plus  the  discharge  over  the  spillway, 
/Sf^=:stotal  storage  volume  below  spillway  level,  in  acre  feet, 
i8f=:JTil  =  total  storage  volume  above  spillway  level,  in  acre  feet, 
TF= total  outflow  over  spillway  weir  while  surface  is  rising  from 

spillway  level  to  maximum  stage,  in  acre  feet, 
N=IT/HA=^rsitio  of  total  net  inflow  to  total  storage  above  spill- 
way, 
i2  =  Q//  =  ratio  of  maximum  overflow  rate  to  maximum  inflow  rate, 
M=^W/QT  =  T8Ltio  of  average  overflow  rate  to  maximum  overflow 
rate, 
*=any  interval  of  time  after  water  reaches  spillway  level,  in  hours, 
h  =  corresponding  head  on  spillway,  in  feet, 
g=:Bfe%= corresponding  outflow  rate,  in  second  feet. 
r=:  corresponding  value  of  g//, 
(7i  =  total  discharge  of  conduits  while  basin  is  fllling  to  spillway  level, 
Cz  =  total  discharge  of  conduits  while  basin  is  filling  above  spillway 
level,  in  acre  feet. 

The  relations  existing  between  many  of  the  above  quantities  are 
shown  graphically  on  the  hydrographs  given  in  figure  94. 

Analogy  with  Rectangular  Weir  Box 

It  is  convenient  in  studying  and  interpreting  the  formulas  de- 
rived from  the  above  assumptions  to  have  in  mind  some  definite 


"^^^^^z, 

\^^ 


FIG.    95.— GEAPHICAL    BBPBBSENTATION    OF    NOTATION    UBED    IN 
INTEOBATION  F0BMULA6  FOB  SPILLWAY  ACTION. 
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physical  conception  of  the  conditions  which  they  represent.  These 
formulas  would  lead  to  exact  results  for  a  reservoir  of  the  type  shown 
in  figure  95.  This  figure  represents  a  basin  with  vertical  sides  and 
rectangular  outflow  weir,  supplied  by  a  uniform  net  inflow  rate  /. 
The  fact  that  the  tunnel  discharge  rate  does  not  enter  directly  into 
the  spillway  analysis,  is  indicated  in  this  figure  by  showing  that  the 
net  inflow  rate  /  may  be  considered  as  being  obtained  by  subtracting 
from  the  gross  inflow  rate  an  amount  sufficient  to  just  balance  the 
tunnel  outflow  Oj.  The  problem  to  be  solved  is  to  determine  the  time 
T  required  to  fill  the  basin  from  spillway  level  to  the  top. 

A  full  discussion  of  this  problem,  and  the  various  formulas  pro- 
posed for  solving  it,  is  given  by  R.  E.  Horton  in  Water-Supply  and 
Irrigation  Paper  No.  200  of  the  United  States  Geological  Survey. 

Series  Formulas  for  Spillway  Action 

Equations  expressing  the  relation  between  the  various  factors  in- 
volved in  spillway  action  may  be  written  in  the  series  form  or  in 
transcendental  form.    The  series  formulas  will  be  developed  first. 

The  fundamental  differential  equation  for  spillway  action  states 
that,  at  any  instant,  the  net  infiow  rate  into  the  reservoir  is  equal  to 
the  net  outfiow  rate  plus  the  rate  of  storage. 

Under  the  conditions  assumed  above  this  may  be  written : 

Idi  =  Bh'^t  +  Adh  (90) 

Transposing, 

Let  h^=z,h=^,  and  dh  =  2z  dz.    Then, 

J,        2Azdz        2A      zdz  .^^x 


Expanding  the  last  fraction  by  division, 
Integrating  between  the  limits  0  and  t,  and  0  and  z. 


(93) 


t 


-¥[M?+(f)'r+(f)'s+-]-  <-) 
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Substituting  the  values  z  =  h^  and  q  =  Bh^ 

-f['+i(f)-+i(?)'»"'+S(f)>+-](-' 
-^'['+!(f)+i(l)'+^(l)"+-]- 

■ 

At  the  completion  of  the  filling  period  this  equation  becomes, 

--^['+l(?)+i(?)*+A(?)'+-]   <-> 

AH 

=  ^  [1  +  |/Z  +  |iP  +  A/Z*  +  •  •  •].  (98) 

This  equation  determines  the  desired  duration  of  the  filling  period. 
The  ratio  N  of  the  total  net  inflow  during  this  period  to  the  storage 
capacity  of  the  basin  above  spillway  level  is  found  by  transposing, 

iV  =  ^  =  1  +  i/Z  +  fii*  +  Aft'  +  •  •  •.  (99) 

The  series  in  the  right  hand  member  of  this  equation  converges 
very  slowly  for  values  of  B  which  approach  unity,  and  is  inconvenient 
for  purposes  of  computation  in  such  cases.  A  curve  showing  the  rela- 
tion between  B  and  N  is  given  in  figure  96.  The  points  necessary  for 
plotting  the  extreme  right  hand  portion  of  this  curve,  were  computed 
by  the  transcendental  formulas  given  in  the  following  pages.  By 
using  this  curve,  equation  (99)  can  be  readily  solved  for  any  of  its 
variables. 

For  purposes  of  computation  another  series,  which  converges  some- 
what more  rapidly  than  equation  (99),  may  be  obtained  as  below.  The 
ratio  M  of  the  average  outflow  rate  to  the  maximum  outflow  rate  is 
determined  by 

^  ^  IT- AH  _  AH(l  +  |fi  +  |JP  +  Affl  +  -  0  -  AH 

"        or        ""        OAH  ^       ^ 

^      i  +  iR  +  ^R^+-'  (101) 

=  0.400  +  0.090ft  +  0.0458/?  +  0.0293B*  •  •  • .     (102) 

The  last  equation  is  obtained  from  the  preceding  one  by  actual 
division.  Although .  this  series  converges  more  rapidly  than  that  of 
equation  (99),  it  is  not  convenient  for  use  when  B  approaches  unity. 
The  formula  indicates  that  during  a  sharp,  sudden  flood  of  much 
greater  intensity  than  the  maximum  spillway  outflow  rate,  the  average 
spillway  discharge  is  about  two-fifths  of  the  maximum. 
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After  M  has  been  determined,  the  value  of  N  may  be  found  from 
the  following: 

The  relation  between  M  and  R  as  expressed  by  equation  (102)  is 
plotted  graphically  in  figure  96. 

Transcendental  Formulas  for  Spillway  Action 

By  the  use  of  the  following  methods,  it  is  possible  to  integrate  the 
differential  equation  for  spillway  action  without  resorting  to  the  ex- 
pansion into  a  series.    Rewriting  equation  (92) : 

Let  /  =  a»,  and  B  =  6»,  then  j  __  ^^  =  ^,  _  y^ .  (105) 

^*a»  -  V;^^  ^T^z'^  d'  +  abz  +  ¥z^'^  a*  +  abz  +  ¥z^'     ^^^^ 
By  the  method  of  indeterminate  coefficients  find 

Substituting  in  equation  (104) , 


dt 


~  ^^  [306(0 


3a6(a  -  bz)      36(o»  +  abz  +  6*2*) 

dz 


*     Zab[j  a-bz     ** J  o«  +  062  +  6»2« 

The  three  integrals  in  this  equation  are  evaluated  as  follows: 

+  a62  +  6«2»-~  V36  V3a6     '  ^      ^ 


""/a^ 


=  llog.(a«  +  «62  +  6V)  — ^tan-?^.        (113) 
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Substituting  these  values  in  equation  (109), 

/  =  ^  r  -  log.  (o  -  te)  +  ilog,  (a*  +  Ota  +  W«») 


_  ^tan-2te  +  a-]. 

V3o    Jo 


(114) 


2A_ 
3a6* 


_,„,.(,-|)+.^.^+|+^ 


2bz 


+•1 


-  V3\tan-» 


^|3 


-  tan-»  V3 


(115) 


The  last  term  is  the  difference  of  two  angles.    The  tangent  of  the  first 

—  _1 

a  — 

angle  is  — ~^ — •     The  tangent  of  the  second  is  l/y/3.    The  tangent 

of  the  difference  is, 


2^ 

ja 1_ 

V3      V3 


a  1 


1  + 


o 


(116) 


Substituting  this  value  in  equation  (115), 


(  = 


2A_ 
Sab* 


_,^.(x_^)+^.^/r7|7? 


-  1/3  tan-' 


V3^ 
a 


2  + 


Substituting  in  this  equation  the  values 

i-(Tr-(ir-". 


be 

a  . 


(117) 


and 


hPi* 


06*      7»'»B»'»      Jirtg*'*      ^  5*'*      If"* ' 
«  =  ^3^3  [  -  log.  (1  -  ri'»)  +  log.  VI  +  r"»  + 1"* 


(118) 
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At  the  completion  of  the  filling  period  this  equation  becomes : 
AH    2 


T  = 


-V3tan»2^p^,J- 

The  ratio  N  of  the  total  net  inflow  to  the  storage  above  spillway  level 
is  g^iven  by : 


^  =  j^  =  3^J  -  loge  (1  -  R'f')  +  lege  ^l^+W^+R'~^' 


-V3tan^2+-fir/3j- 


(120) 


Equations  (119)  and  (120)  give  the  exact  relation  which  would  be 
obtained  by  summing  the  series  of  equations  (98)  and  (99).  By  the 
aid  of  figure  96  any  of  these  equations  can  be  quickly  solved  numeri- 
cally for  any  of  the  variables  involved.* 

Examples  Illustrating  Investigation  of  Spillway  Action 

As  stated  above,  the  labor  of  substituting  in  the  preceding  formulas 
is  much  reduced  by  the  use  of  the  curves  given  in  figure  96.  With  this 
diagram  two  methods  of  investigating  the  action  of  spillways  are  open, 
both  of  which  are  illustrated  in  the  following  examples.  The  first  is 
to  assume  a  maximum  capacity  of  spillway  and  a  given  intensity  of 
net  inflow,  and  compute  the  time  it  would  take  under  these  conditions 
to  fill  the  retarding  basin  to  the  maximum  head  on  the  spillway.  This 
is  equivalent  to  assuming  B  (since  i2  =  the  ratio  of  the  maximum 
spillway  discharge  rate  to  the  net  rate  of  the  inflow)  and  obtaining  N. 
The  time  of  filling  is  then  computed  by  T=AnN/I,  I  and  A  H  being 
known. 

For  example,  how  long  would  it  take  an  inflow  of  4  inches  per  day 
to  fill  the  Englewood  retarding  basin  to  elevation  886,  or  10  feet  above 
the  spillway  crest,  if  the  spillway  is  100  feet  long. 

Assumed:  Inflow  rate  =  4  inches  per  day  from  tributary  drainage 
area.  Spillway  discharge  capacity  at  10  feet  depth  =3  0.688  inches 
per  day. 

Ejiown:  Capacity  of  the  retarding  basin  to  spillway  elevation 
=  9.01  inches.  Capacity  of  the  basin  to  10  feet  above  spillway  eleva- 
tion =11.22  inches.  Outflow  of  tunnels  when  basin  is  filled  to  spill- 
way elevation  =  0.69  inches  per  day. 

*Note:  Since  the  above  was  written,  an  extensive  discussion  has  appeared 
under  the  title  Determining  the  Begulating  Effect  of  a  Storage  Reservoir,  by 
Robert  E.  Horton,  in  the  Engineering  News-Record  of  September  5,  1918,  Vol.  81, 
pages  455-458. 
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Required:  Time  to  fill  basin  to  10  feet  above  spillway  elevation. 

Solution:  Average  tunnel  outflow  rate  while  filling  to  spillway  ele- 
vation =%  X  0.69=0.58  inches  per  day.  (See  chapter  VII  for  five- 
sixths  rule.)  Net  inflow  rate  while  filling  to  spillway  elevation 
=  4.00  —  0.58  =  3.42  inches  per  day.  Time  of  filling  to  spillway  level 
=  9.01/3.42=2.64  days.  Tunnel  outflow  while  spillway  is  discharg- 
ing =0.69  inches  per  day,  assumed  the  same  as  the  discharge  of  the 
tunnels  with  the  basin  full  to  the  spillway  elevation.  Net  inflow  rate 
while  spillway  is  discharging =4.00 — 0.69  =  3.31  inches  per  day. 
JB=( maximum  spillway  discharge  capacity) --(Net  inflow  rate) 
=  0.688 -T- 3.31  =  0.208.  Corresponding  value  of  N  from  curve  (fig- 
ure 96)==  1.09.  Time  for  filling  from  spillway  to  10  feet  above  =^T 
=  AffiV//=(11.22— 9.01)/3.31(1.09)=0.72  days.  Total  time  re- 
quired to  fiU  the  basin  to  10  feet  above  spillway  crest  =:  2.64 +  0.72 
=3.36  days. 

The  second  method  used  in  this  investigation  was  to  assume  a  storm 
of  a  given  intensity  and  duration,  and  to  determine  the  size  of  spill- 
way necessary  in  order  that  the  water  surface  should  not  rise  more 
than  10  feet  above  the  spillway  crest.  This  is  equivalent  to  assuming 
N  =  IT/AH  and  determining  the  required  spillway  capacity  from 
the  corresponding  value  of  r. 

This  method  is  illustrated  by  the  following  example. 

Assumed:  Inflow  rate  of  4  inches  per  day,  lasting  3^^  days. 

Known:  Capacity  of  retarding  basin  to  spillway  level  and  to  10 
feet  above  spillway  level  =  9.01  and  11.22  inches  respectively,  as 
before.  Outflow  from  tunnels  when  basin  is  fllled  to  spillway  elevation 
=0.69  inches,  as  before. 

Required:  Minimum  spillway  capacity  to  discharge  the  assumed 
flood  without  exceeding  10  foot  head. 

Solution:  Time  to  fill  basin  to  spillway  level  =  2.64  days,  as  before ; 
time  to  fill  basin  from  spillway  level  to  10  feet  above  spillway  level 
=  3.50  —  2.64  =  0.86  days.  N = IT  ^AB=^(OM)-~  (11.22  — 9.01) 
=  1.56.  Corresponding  value  of  B  =  0.705.  Required  discharge  of 
spillway  at  maximum  head=Q  =  B/= (0.705  X  4) =2.82  inches  per 
day. 

RESULTS  OF  STUDIES  OF  SPILLWAY  ACTION  FOR  ENGLE- 

WOOD  AND  TAYLORSVILLE  RETARDING 

BASINS— FIRST   METHOD 

In  studying  the  action  of  the  spillways  of  the  basins  of  the  Miami 
Conservancy  District  with  different  assumptions  of  inflow  and  spill- 
way capacity,  computations  were  made  by  each  of  the  above  methods. 
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The  results  of  the  computations  by  the  first  method  are  shown  graphi- 
cally in  figures  97  and  98.  These  curves  give  the  time  required  to  fill 
the  retarding  basins  up  to  spillway  level  and  to  various  depths  above 
spillway  level  (10  feet  in  the  curve  for  the  Taylorsville  basin  and  10 
feet  and  16.5  feet  in  the  curves  for  the  Englewood  basin),  by  any 
uniform  inflow  up  to  7  inches  per  day.    The  solid  lines  show  the  time 


3  4  3  6  7 

Duration  of  Flood  in  Days 

PIG.  97.— DEPTHS  OF  SPILLWAY  DISOHABGE  AT  ENOLEWOOD  DAM 
FOB  VARIOUS  INTENSITIES  AND  DURATIONS  OF  STORM  RUNOFF. 

The  full  lines  (above  the  1913  flood  curve)  indicate  the  time  required  to  fill 
to  the  given  maximum  depths  on  spillway  assuming  the  conduit  outlets  open,  and 
the  dotted  lines  give  this  information  assuming  all  conduits  closed.  The  rectangle 
marked  ''Spillway  Flood"  illustrates  the  storm  runoff  of  4%  inches  per  day  for 
3  consecutive  days,  which  was  assumed  as  the  criterion  for  computing  spillway 
capacities  at  all  of  the  retarding  basin  dams. 


required  with  the  conduits  open,  and  the  dotted  lines  show  the  corre- 
sponding times  with  the  conduits  closed.  These  curves,  and  the  com- 
putations which  accompany  them,  are  based  on  the  size  of  spillways 
adopted,  100  and  132  feet  for  the  Englewood  and  Taylorsville  basins 
respectively.  In  platting  the  curves  of  figure  98  for  the  time  of  filling 
of  the  Taylorsville  retarding  basin,  it  was  necessary  to  make  allowance 
for  the  effect  of  the  Lockington  basin,  which  is  located  above  it  on  the 
same  stream.    This  was  done  by  the  assumption  that  the  Lockington 
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basin  fills  to  the  spillway  elevation,  and  from  the  spillway  to  an  ele- 
vation 10  feet  above,  simnltaneonsly  with  the  Taylorsville  basin,  and 
that  the  outflow  from  the  upper  basin  during  each  of  these  periods  is 
constant.  (The  details  of  a  computation  made  under  this  assumption 
are  given  in  table  11.) 

In  making  use  of  curves  for  spillway  action,  similar  to  those  of 
figures  97  and  98,  the  time  required  to  fill  the  retarding  basin  from 
spillway  to  maximum  stage  for  any  given  rate  of  inflow,  may  be 
readily  found  by  taking  the  difference  between  the  length  of  time  re- 
quired to  fill  to  the  maximum  elevation  and  that  required  to  fill  to  the 
spillway  elevation.  On  the  diagrams  this  is  the  horizontal  intercept, 
for  the  given  rate,  between  the  zero  curve  and  the  curve  of  maximum 
stage. 

Beferring  to  figure  97,  it  is  seen  that  the  dotted  lines,  representing 
conditions  with  the  conduits  closed,  are  relatively  close  to  the  corre- 


3  4  3  6  7 

Duration  of  Hood  in  Days 

FIG.  98.— DEPTHS  OF  SPILLWAY  DISCHARGE  AT  TAYLOBSVILLE  DAM 
FOE  VARIOUS  INTENSITIES  AND  DURATIONS  OF  STORM  RUNOFF. 

The  significance  of  the  full  lines  and  dotted  lines  is  the  same  as  for  figure  97. 


sponding  solid  lines  representing  conditions  with  the  conduits  open. 
This  relation  is  typical  for  basins  with  relatively  small  outlets,  such 
as  those  at  Englewood,  Germantown,  and  Lockington.  Opposite  rela- 
tions occur  at  the  basins  with  relatively  large  outlet  conduits,  such  as 
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Table  10.— MMbod  of  OaleoUtIng  Spillway  Oaiiaclty  required  at  Englewood  Dam. 

DATA. 

Drainage  area  above  dam   615    square  miles 

Saevatioii  of  spiUwaj  above  sea  level  876    feet 

Storage  in  retarding  basin  below  spillway  elev 312,000    acre  feet 

Maximum  discharge  tbrough  conduits  12,000    second  feet 

Maximum  elevation  of  water  surface   887.4  feet 

Storage  in  retarding  basin  below  elev.  887.4 413,000    acre  feet 


DeacripUoo 


Duration  of  storm,  hours . . 
Inflow  in  3  days,  inches  of 

runoff 

Total  inflow,  acre  feet 

Average  inflow,  acre  feet 
per  hour 

Conduit  discharge  with 
water  surface  alK>ve  spill- 
way elev.,  acre  feet  per 
hour 

Averase  conduit  discharKe 
for  Basin  filling  to  spill- 
way elev.,  acre  feet  per 
hour 

Storage  below  spillway 
elev.,  acre  feet 


Time  of  filling  to  spillway, 
hours 


Time  of  filling  above  spill- 
way, hours 

Amount  discharged  over 
spillway  plus  storage 
above  spillway,  acre  feet 

Storage  above  spillway, 
acre  feet 


Ratio  i\r 


Ratio  R 

Maximum  spillway  dia- 
chargo,  acre  feet  per  hour 

Length  of  spillway  re- 
quired, feet 


Symbol 


T  +  Ti 


IiiT  +  Ti) 


h 


Oi 

0, 

Si 

Ti 


IT 

S 
N 
R 

Q 
L 


Conduits 


CkMed 


72 

14 
486,000 

6,740 


0 

0 
312,000 

46.3 

25.7 

174,000 

101,000 
1.72 
0.785 

5,290 
440 


open 


72 

14 
486,000 

6,740 


092 

827 
312,000 

52.7 

19.3 

110,800 

101,000 
1.10 
0.207 

1,190 
99 


H  w  ObUlned 


Given 

Given 
Given 

/i(r  +  Ti) 
"(3r+'r,) 


Given 

5/60, 
Given 

S, 


h  -  0, 

(r  +  Ti)  -  Ti 

(Ii-Oi)T  -  IT 

Given  =  HA 
iIi-Oi)T    IT  j 

s     "ha 

From  fig.  96 
fi(/i-Oi)  =  RI 


those  at  Taylorsville  and  Huffman.  As  shown  in  figure  98,  the  dotted 
lines  are  widely  separated  from  the  corresponding  solid  lines,  indi- 
cating that  in  these  cases  it  would  be  extremely  expensive  and  difficult 
to  provide  spillways  sufficient  to  care  for  large  floods,  were  the  con- 
duits to  remain  closed. 

The  curves  of  figures  97  and  98  bring  out  clearly  the  immensity  of 
the  storage,  afforded  by  the  basins  of  the  Miami  Conservancy  District 
in  their  upper  levels.    From  the  first  of  these  figures  it  is  seen  that 
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Tablfl  ll.~M0tliod  of  OalcQlating  Spillway  Oi^acity  required  at  Tayiorsville 

Dam. 

DATA. 

Drainage  Area  above  Tajlorsville  Dam   1,133  square  miles 

Elevation  of  Tayiorsville  spillway  above  sea  level  818  feet 

Storage  in  Tayiorsville  Basin  below  spillway  elevation 186,000  acre  feet 

MATJmnm  discharge  through  Tayiorsville  conduits 53,600  second  feet 

Maximum  elevation  of  water,  above  sea  level   832  feet 

Storage  in  TaylorsviUe  Basin  below  elevation  832 386,000  acre  feet 

Elevation  of  Lockington  spillway  above  sea  level 938  feet 

Storage  in  Lockington  Basin  below  spillway  elevation  ....  70,000  acre  feet 

Maximum  elevation  of  water  surface,  above  sea  level  ....  948.4  feet 

Storage  in  Lockington  Basin  below  elevation  948.4  126,000  acre  feet 


DesoripCloo 


Duration  of  storm,  hours 
Inflow  in  3  days,  inches  of 

runoff 

Total  inflow,  acre  feet . . . 

Average  inflow,  acre  feet 
per  hour 


Symbol 


Conduits 


T  +  Ti 

Ii(T+Ti) 
h 


Conduit  discharge  with 
water  surface  above  spill- 
way elev.,  acre  feet  per 
hour 

Average  conduit  discharge 
with  water  surface  below 
spillway  elev.,  acre  feet 
per  hour 

Storage  in  both  basins  be- 
low spillway  elev.,  acre 
feet 

Time  of  filling  to  spillway, 
hours 

Time  of  filling  above  spill- 
way, hours 

Amount  discharged  over 
spillway,  phis  storage  in 
both  bacdns  above  spill- 
ways, acre  feet 

Storage  in  both  basins 
above  spillways,  acre  feet 

Ratio  N 


Ratio  R 

Maximum  spillway  dis- 
charge at  Tayiorsville, 
acre  feet  per  hour 

Len^h  of  spillway  re- 
quired, feet 


0, 
0, 

T, 


IT 

S 
N 
R 

Q 

L 


CkMed 


72 

14 
845,000 

11,740 


0 


0 

256,000 
21.8 
50.2 

589,000 

256,000 
2.300 
0.920 

10,800 
628 


Open 


72 

14 
845,000 

11,740 


4,430 

3,690 

256,000 
31.8 
40.2 

294,000 

256,000 
1.148 
0.310 

2,265 
132 


How  ObUlned 


/i 


Given 

Given 
Given 

iT  +  Ti) 
~(T  -h  Ty) 


Given 


5/60i 


Given 

Ii-Ot 

(T  +  TO  -  Ti 


(/,-o,)r=/r 

Given 
IT 

S 
From  fig.  96 


R(h^O{)^RI 
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even  with  conduits  closed,  the  Englewood  retarding  basin  would  have 
absorbed  the  entire  runoff  of  the  1913  flood  with9ut  having  the  water 
reach  the  spillway  level.  The  greatest  3-day  runoff  at  Dayton  during 
this  flood  has  been  previously  given  as  7.27  inches  total  or  2.42  inches 
per  day.  This  would  only  partly  fill  the  basin  to  spillway  level  even 
with  conduits  closed.  The  entire  runoff  of  the  1913  flood  for  the  period 
of  about  9  days  while  the  discharge  was  greater  than  the  ordinary 
April  flow  amounted  to  about  9.4  inches.  If  this  is  considered  equiva- 
lent to  a  uniform  flood  of  any  particular  duration,  for  instance  1.57 
inches  for  6  days,  and  this  uniform  flood  is  plotted  as  a  rectangle  on 
figure  97,  this  rectangle  will  be  found  to  lie  below  the  zero  curve  in 
the  figure,  indicating  that  the  basin  would  not  be  filled  above  spillway 
level  by  a  flood  of  this  magnitude,  even  assuming  the  conduits  to  be 
closed. 

RESULTS  OF  STUDIES  OF  SPILLWAY  ACTION— SECOND 

METHOD 

The  results  of  computations  made  by  the  second  method  for  study- 
ing spillway  action,  mentioned  on  page  237,  are  given  for  ehe  Engle- 
wood and  Taylorsville  basins  in  tables  10  and  11.  In  computing  the 
latter  table,  the  effect  of  the  Lockington  retarding  basin  was  allowed 
for  in  accordance  with  the  same  assumption  that  was  used  in  construct- 
ing the  curves  of  figure  98,  namely :  that  the  water  surfaces  in  both 
upper  and  lower  basins  simultaneously  reach  spillway  elevation  and 
also  simultaneously  reach  their  maximum  elevation  above  spillway 
level ;  and  that  while  the  retarding  basin  is  filling  to  the  spillway  the 
outflow  is  constant,  and  while  it  is  filling  above  the  spillway  it  is  also 
constant  but  at  a  different  rate.  The  investigations  given  in  tables 
10  and  11  were  made  for  the  assumed  flood  of  14  inches  runoff  in  3 
days  used  in  designing  the  spillways,  and  for  a  maximum  depth  of 
11.4  ff>ot  over  the  spillway  at  Englewood  and  of  14  feet  over  the  spill- 
way at  Taylorsville.  The  latter  values  were  decided  upon  as  a  result 
of  numerous  trial  calculations  by  various  methods.  It  is  seen  that  the 
required  spillway  capacities  obtained  by  the  calculations  of  tables  10 
and  11  agree  closely  with  the  values  actually  adopted  in  the  flnal  design. 

STEP  METHOD  CHECK  ON  APPROXIMATE  SPILLWAY  COM- 

PUTATIONS 

After  the  final  dimensions  for  the  spillways  of  the  five  basins  had 
been  tentatively  decided  upon,  on  the  basis  of  approximate  computa- 
tions similar  to  the  preceding,  additional  studies  were  made  by  step 
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methods  to  determine  more  accurately  the  action  of  the  spillways  dur- 
ing floods  of  various  magnitudes.  The  following  general  assumptions 
were  used  in  these  studies : 

1.  Head  on  conduits  measured  from  top  of  conduits  at  their  down- 

stream end. 

2.  Conduit  discharge,  (a)  below  spillway  Q=^BH^;  (b)  above  spill- 

way, constant. 

3.  Spillway  discharge  Q  =  3.8  LH^,  ends  considered  vertical. 

4.  Bunoff  for  assumed  flood  of  14  inches  in  3  days  proportioned  as 

follows,  the  rates  given  being  in  inches  per  day. 


0  Hn.         1        16  Hra. 

40  Hra. 

72  Hn. 

O^^nPftnto^p 

0.75 

0.75 

0.5 

0.75 

0.5 

6.125 

6.375 

6.0 

6.125 

6.0 

6.125 

6.375 
6.0 
6.125 
6.0 

2.25 
1.5 

2.75 
2.25 
2.75 

£nfdewood 

Lockinirton 

i  Taylorsville* 

Hiiffman 

5.  No  allowance  was  made  for  the  regulative  effect  which  the  Lewis- 
town  and  Loramie  State  reservoirs  might  have  under  certain 
conditions. 
The  final  results  of  these  step-method  computations  are  given  in 
table  XI  of  the  Appendix. 

For  convenience  of  reference,  the  description  of  the  various  real 
and  imaginary  floods  considered  in  this  table  may  be  reviewed  as 
follows: 

1898  Flood :  Second  largest  measured  flood  in  history  of  Miami  Val- 
ley ;  2,47  inches  runoff  at  Dayton  in  3  days,  or  about  one-third 
the  1913  flood. 

1913  Flood :  Largest  measured  flood  in  history  of  Miami  Valley ;  7.27 
inches  runoff  at  Dayton  in  3  days. 

Official  Plan  Flood,  used  in  fixing  conduit  sizes  and  spillway  eleva- 
tions of  basins ;  9.5  to  10  inches  in  3  days ;  about  40  per  cent 
greater  than  1913  flood. 

Flood  used  in  designing  spillways :  14  inches  in  3  days,  or  about  twice 
as  great  as  the  1913  flood. 

Flood  which  would  cause  water  in  basins  to  reach  tops  of  dams ;  dura- 
tion 3  days. 

*  To  obtain  the  Taylorsville  inflow,  the  above  rates  were  applied  to  the  878 
square  miles  below  the  Lockington  dam,  and  to  this  runoff  the  outflow  of  the 
Lockington  retarding  basin  was  added.  No  allowance  was  made  for  the  time  lost 
in  the  flow  reaching  Taylorsville. 
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ACTION  OF  SPILLWAYS  AS  FINALLY  DESIGNED 

The  dimensions  of  the  spillways  decided  upon  are  given  in  the 
Appendix,  see  table  VII.  The  following  statements  will  serve  to 
bring  out  the  large  degree  of  safety  provided  by  the  system  as  finally 
designed.  The  storage  furnished  by  the  retarding  basins  is  so  large, 
that  in  every  case  they  could  have  absorbed  the  entire  maximum  3-day 
runoflf  of  the  1898  flood  with  the  conduits  closed.  The  1913  flood 
would  pass  the  basins  without  raising  the  water  to  approach  spillway 
level  if  the  conduits  were  open,  and  would  not  fill  the  Germantown 
and  Englewood  basins  to  the  spillway  even  if  the  conduits  were  closed. 
In  the  other  basins,  only  a  smaft  fraction  of  the  available  spillway 
capacity  would  be  required  to  pass  this  flood  in  case  the  conduits  were 
closed,  except  at  Taylorsville  where  a  little  more  than  half  of  the  spill- 
way capacity  would  come  into  use  under  these  conditions.  The  Official 
Plan  flood,  which  fills  the  basin  to  spillway  level  with  conduits  open, 
would  in  no  case  be  sufficient  to  overtop  the  dams  if  the  conduits  were 
closed.  Under  these  circumstances  the  freeboard  remaining  for  addi- 
tional protection  varies  from  3  feet  at  Huffman  to  12^^  feet  at  Engle- 
wood. The  assumed  flood  of  14  inches  in  3  days,  used  in  the  design  of 
the  spillways,  would  leave  a  freeboard  of  over  5  feet  at  all  the  basins 
except  Huffman,  where  the  freeboard  is  4.2  feet.  This  imaginary 
deluge  would  not  overtop  the  Lockington  or  Englewood  dams  even  if 
the  conduits  were  closed. 

An  imaginary  flood  that  would  just  exhaust  the  capacity  of  the 
basins  with  conduits  open  would  call  for  an  inflow  of  19.2  inches  in  3 
days  at  Lockington  to  15.9  inches  at  Englewood,  giving  safety  factors 
of  between  2  and  3  over  the  corresponding  runoff  of  the  1913  flood. 
The  figures  for  such  an  imaginary  fiood  are  somewhat  lower  on  the 
assumption  that  the  conduits  are  closed.  It  should  be  remembered, 
however,  that  this  assumption  is  speculative  and  improbable  in  the 
highest  degree,  especially  in  the  case  of  the  large  outlets  at  Taylors- 
ville and  Huffman.  The  studies  of  spillway  action  with  conduits 
closed  were  made  as  a  matter  of  interest  in  investigating  the  general 
safety  of  the  system,  rather  than  to  determine  conditions  which  might 
actually  occur..  The  computations  show  that,  even  at  Taylorsville  and 
Huffman,  the  basins  with  conduits  entirely  closed  would  be  safe  dur- 
ing an  inflow  of  more  than  1.5  times  the  3-day  discharge  of  the  1913 
flood. 

ACTION  OF  NOTCHED  SPILLWAYS 

During  the  early  stages  of  the  preparation  of  plans  for  the  retard- 
ing basins  of  the  Miami  Conservancy  District,  much  attention  was 
given  to  the  possible  use  of  notched  or  stepped  spillways.    In  a  typical 
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design  of  this  character  the  middle  third  of  each  spillway  was  de- 
pressed 4  feet  below  the  remainder  of  the  crest,  forming  a  rectangular 
notch.  The  principal  object  of  using  notches  of  this  kind  was  to  de- 
crease the  amount  of  land  which  it  might  be  necessary  to  purchase,  it 
being  assumed  that  no  damage  would  have  to  be  paid  on  land  lying 
above  the  bottom  of  the  notch.  There  was  also  a  possibility  that  this 
device  might  secure  large  reductions  in  the  cost  of  relocating  roads 
and  railroads,  and  protecting  other  property  in  or  on  the  borders  of 
the  basins. 

The  chances  of  a  flood  equal  to  the  Of&cial  Plan  flood  actually  oc- 
curring are  so  extremely  remote,  that  the  present  value  of  possible 
damage  in  the  far  distant  future  to  lands  and  structures  in  the  basins 
near  spillway  level,  is  negligible.  On  the  other  hand  the  particular 
elevations  chosen  for  the  spillway  crests  would  have  an  overwhelming 
weight  in  the  popular  mind  in  deciding  matters  connected  with  land 
damages  or  relocation  of  improvements.  For  these  reasons,  if  the 
spillway  crests  could  be  lowered  several  feet  by  means  of  notches, 
without  appreciably  affecting  the  flood  control  characteristics  of  the 
system,  much  needless  expense  might  be  saved  for  the  taxpayers  of  the 
District. 

The  advisability  of  using  a  spillway  notch  and  its  most  economical 
size  may  be  easily  determined  with  the  aid  of  cost-outflow  curves,  sim- 
ilar to  those  used  in  the  balancing  of  the  retarding  basin  system,  as 
described  in  chapter  XII.  A  cost-outflow  curve  is  constructed  for  a 
basin  having  no  notch.  The  cost  and  maximum  discharge  for  the  same 
basin  with  various  sized  notches  is  then  computed.  If  the  points  rep- 
resenting these  values  of  cost  and  maximum  discharge,  when  plotted, 
faU  below  the  cost-outflow  curve  for  the  basin  with  no  notch,  the  use  of 
a  notch  is  desirable.  The  size  of  notch  which  gives  the  lowest  point, 
other  things  being  equal,  is  the  most  economical.  In  no  case,  however, 
should  the  notch  be  made  so  deep  that  the  owners  of  land,  which  will 
receive  appreciable  damage  from  flooding,  do  not  receive  proper  com- 
pensation. It  should  be  noticed  that  while  two  basins,  one  with,  and 
one  without  a  notch,  may  be  designed  to  give  the  same  protection 
against  the  Official  Plan  flood,  for  somewhat  greater  inflows,  other 
conditions  being  equal,  the  basin  having  the  notch  will  give  less  pro- 
tection. An  apparent  saving  resulting  from  the  use  of  a  notch  may, 
therefore,  be  largely  offset  by  the  decreased  protection  which  the  basin 
gives  against  larger  floods.  This  is  particularly  true  if  the  size  of  the 
capacity  flood  is  not  very  conservative. 

In  some  cases  a  basin  with  a  spillway  notch  may  be  used  to  effect 
favorably  the  synchronizing  of  peaks.    Because  of  certain  conditions, 
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this  phase  of  retarding  basin  control  did  not  entel*  into  the  design  of 
the  Miami  Valley  system,  although,  had  conditions  been  slightly  dif- 
ferent, the  most  economical  system  could  not  have  been  secured  without 
its  consideration.  As  will  be  shown  later,  two  peaks  pass  through 
Hamilton,  the  first  being  larger,  while  only  one  large  peak  occurs  at 
Middletown.  If  the  peaks  at  Middletown  were  similar  to  those  at 
Hamilton,  or  if  no  protection  was  required  at  Middletown,  the  size  of 
the  second  peak  could  be  increased  until  it  equalled  the  first,  by  means 
of  a  notch  in  the  spillway  at  Oermantown.  A  saving  in  the  cost  of  the 
Germantown  basin  would  thus  be  made,  while  no  greater  expense 
would  be  incurred  for  the  channel  improvements. 


CHAPTER  X.— BEHAVIOR  OP  RETARDING 

BASINS  DURING  LOCALIZED 

CLOUDBURSTS 

It  was  shown  in  chapter  II  that  the  flood  of  March  1913  was  the 
greatest  recorded  in  the  Miami  Valley  since  its  first  settlement  over 
100  years  ago ;  that  it  was  apparently  also  one  of  the  greatest  general 
floods  on  record  in  the  whole  eastern  part  of  the  country;  that  the 
storm  producing  it  was  in  the  class  of  the  largest  general  winter 
storms  occurring  in  this  section  of  the  country;  and  that  the  Miami 
Valleiy  flood  protection  works  are  designed  to  furnish  complete  pro- 
tection against  a  general  uniform  flood  runoff  about  40  per  cent  greater 
than  the  flood  runoff  in  1913.  It  remains  to  be  shown  how  the  retard- 
ing basin  system  wiU  be  affected  by  any  possible  cloudburst  runoff 
resulting  from  the  intense  local  summer  thunderstorm  rainfall  more 
or  less  common  throughout  the  whole  Mississippi  watershed. 

SELECTION  OF  STORMS 

The  basis  for  such  a  study  is  readily  obtained  from  Technical  Re- 
ports, Part  V.  During  the  25-year  period,  1892-1916,  there  occurred 
over  the  northern  half  of  the  Mississippi  Valley  11  large  and  intense 
storms,  whose  records  are  studied  in  detail  in  chapters  VI,  VII,  and 
VIII  of  Part  V.  For  each  of  these  storms  the  rainfall  data  was  plotted 
on  maps,  isohyetals  were  drawn  and  measured,  and  so-called  Time- 
ArearDepth  curves  were  constructed.  The  locations  of  these  storms 
and  some  of  their  isohyetals  are  shown  on  the  small  scale  maps  repro- 
duced in  Part  V.  Table  12  shows  for  each  of  these  storms  the  maxi- 
mum rainfall  recorded  at  any  station,  and  the  greatest  average  rain- 
fall at  the  storm  centers  on  areas  of  250,  650,  1100,  1800,  and  2500 
square  miles  during  1,  2,  and  3-day  periods.  These  values  are  read 
from  the  Time-Area-Depth  curves  for  storms  over  northern  states 
in  figures  94,  95,  and  96,  pages  182-187,  Part  V.  The  various  areas 
used  were  chosen  to  correspond  closely  with  the  drainage  areas  above 
the  different  dams.  Table  12  also  shows  for  each  storm  its  key  number 
used  throughout  Part  V,  the  date  of  its  occurrence,  and  the  location  of 
the  center  of  the  storm. 

The  method  of  selecting  greatest  storms,  as  described  in  chapter 
VI,  Part  V,  was  devised  with  the  intention  of  securing  the  storms  hav- 
ing greatest  average  intensity  over  areas  of  approximately  2500  square 
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Table  12.~Mftzimiixii  storm  rainfall  recorded  in  the  northern  half  of  the  Bfiiasia- 

sippi  Valley  for  1,  2,  and  S-day  periods  averaged  over  areas  comparahle  in 

size  with  those  draining  into  retarding  basins  of  the  Miami  Valley. 


Area 
In 

winter  Stonmi 

■ 

Summer  and  Fall  Storma 

No.  16 

No.  130 

No.  182 

No.  61 

No.  72 

No.  83 

No.  86 

No.  109 

No.  110 

No.  114 

No   161 

Square 

1896 

1018 

1018 

1000 

1003 

1006 

1006 

1000 

1900 

1010 

1016 

Dec. 

Jan. 

Mar. 

July 

Aug. 

-June 

Sept. 

July 

July 

Oct. 

AUK. 

17-20 

10-12 

23-27 

14-16 

26-28 

0-10 

16-10 

6-7 

20-22 

4-6 

17-20 

Mo. 

Ark. 

Ohio 

Iowa 

Iowa 

Iowa 

Mo. 

Mo. 

Wis. 

111. 

Ark. 

% 

In. 

In-. 

In. 

In. 

In. 

In. 

In. 

In. 

In. 

In. 

In. 

1 

5.8 

5.8 

7.0 

7.0 

14.6 

12.1 

8.1 

9.7 

10.7 

8.5 

7.0 

250 

5.8 

5.7 

6.9 

6.9 

10.9 

11.5 

7.7 

8.6 

9.8 

7.9 

6.7 

08 

650 

5.8 

5.6 

6.7 

6.8 

10.4 

10.6 

7.2 

7.8 

8.6 

7.3 

6.6 

1100 

5.7 

5.4 

6.5 

6.6 

9.9 

9.8 

6.7 

7.1 

7.7 

7.0 

6.5 

1800 

5.7 

5.2 

6.2 

6.4 

9.2 

9.1 

6.3 

6.3 

6.7 

6.6 

6.5 

^H 
^ 

2500 

5.6 

5.1 

6.0 

6.2 

8.7 

8.6 

5.9 

5.7 

6.0 

6.3 

6.5 

1 

9.6 

7.4 

9.5 

13.0 

14.7 

__ 

8.2 

9.8 

11.0 

12.9 

10.9 

250 

9.4 

7.0 

9.1 

12.7 

12.3 

8.1 

9.0 

10.4 

11.8 

10.5 

1 

650 

9.2 

6.8 

8.7 

11.4 

11.4 

— 

8.1 

8.2 

9.4 

10.7 

10.0 

1100 

9.0 

6.6 

8.4 

10.6 

10.7 

— 

8.0 

7.6 

8.4 

10.1 

9.6 

'^ 

1800 

8.7 

6.4 

8.2 

9.8 

9.9 

— 

7.8 

6.8 

7.6 

9.6 

9.2 

2500 

8.4 

6.3 

8.1 

9.3 

93 

— 

7.7 

6.4 

7.0 

9.2 

9.0 

1 

11.9 

7.5 

10.2 

13.7 

15.5 

^^ 

10.5 

11.2 

12.8 

15.2 

14.0 

d 

250 

11.1 

7.5 

9.9 

12.8 

13.0 

10.4 

10.5 

10.7 

14.4 

13.5 

650 

10.6 

7.4 

9.7 

12.0 

12.0 

— 

10.2 

10.0 

9.4 

13.4 

13.0 

1100 

10.4 

7.4 

9.5 

11.3 

11.3 

— 

10.1 

9.6 

8.6 

12.7 

12.5 

1800 

10.2 

7.3 

9.3 

10.7 

10.7 

— 

9.8 

9.2 

8.1 

12.2 

12.1 

^ 

2500 

9.9 

7.2 

9.2 

10.2 

10.2 

9.6 

9.0 

7.8 

12.0 

11.8 

miles.  This  method  would  not,  therefore,  necessarily  include  storms 
limited  to  much  smaller  areas,  even  though  the  rainfall  should  be 
phenomenally  intense.  For  the  present  discussion,  however,  the 
method  that  was  used  seems  a  reasonably  satisfactory  basis  of  selec- 
tion.   This  point  will  be  taken  up  later  for  further  discussion. 

It  is  necessary,  first,  to  distinguish  between  winter  and  summer 
storms  in  table  12.  There  are  but  3  winter  storms:  No.  15  in  De- 
cember 1895,  No.  130  in  January  1913,  and  No.  132  in  March  1913. 
These  are  grouped  in  the  first  part  of  the  table.  As  indicated  by  the 
figures  printed  in  heavy  type,  for  a  1-day  period  the  last  of  these  had 
the  greatest  rainfall,  but  for  2  and  3-day  periods  the  first  had  the 
greatest  rainfall.  As  shown  in  chapter  II,  the  maximum  actual  rates 
of  runoflf  during  the  1913  flood  were  about  90  per  cent  of  the  corre- 
sponding rates  of  rainfall.  Therefore,  we  may  safely  use  a  90  per 
cent  factor  to  obtain  rates  of  runoflf  from  rainfall  for  winter  storms 
in  this  region. 

EFFECT  ON  RETARDING  BASINS 

In  order  to  be  able  to  test  each  retarding  basin  as  it  might  be 
aflPected  by  these  various  maximum  storms,  a  diagram  has  been  pre- 
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pared  for  each  basin,  figures  99  to  103,  showing  the  discharge  from 
the  basin  that  would  be  produced  by  an  inflow  of  any  amount  from 
zero  up  to  20  inches,  occurring  in  any  number  of  days  from  1  up  to  6. 
These  diagrams  are  similar  to  figure  30  in  chapter  IV,  except  that  the 
latter  showed  for  various  runoffs  the  total  flow  entering  the  city  of 
Dayton  as  made  up  of  the  combined  discharges  from  the  various  dams 

Moxfmum  Election  of  l¥ater  Surface 

%%%%%%    §     I 

LI — d rf- 


Moxtmum  fiead  on  5pi//tva/ 


0  JO  ZO  30 

Mcfximum  Oischarge  in  Thousands  oT Second fittt 

PIG.  99.— MAXIMUM  RATES  OF  OUTFLOW  AT  GEBMANTOWN  DAM  FOR 

VARIOUS  TOTAL  AMOUNTS  AND  DURATIONS  OF  STORM  INFLOW. 

■ 
The  discharge  is  seen  to  increase  rapidly  after  the  spillway  bes;ins  to  over- 
flow.    The  depths  of  overflow  are  indicated  at  top  of  diagram  together  with  the 
corresponding  height  of  the  water  surface  above  sea  level. 


and  from  the  unreserved  area  below  the  dams.    The  results  obtained 
from  these  diagrams  are  indicated  below. 

The  Qermantown  and  Lockington  basins  have  each  a  drainage 
area  of  little  more  than  250  square  miles.  Applying  the  90  per  cent 
coefiScient  to  the  1913  rainfall  on  this  area  for  1  day  gives  6.2  inches 
as  the  possible  runoff.  Figures  99  and  101  show  that  this  amount 
would  not  fill  the  Germantown  basin  to  spillway  level,  but  would  just 
reaeh  the  spillway  at  Lockington. 
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Englewood  and  Huffman  drainage  areas  are  a  little  over  650 
square  miles.  Figures  100  and  103  show  that  the  possible  1-day  run- 
off indicated  by  table  12  would  not  fill  either  of  these  basins  to  spill- 
way level. 

Taylorsville  basin  has  a  drainage  area  of  over  1100  square  miles. 
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FIG.  100.— MAXIMUM  BATES  OF  OUTFLOW  AT  ENGLEWOOD  DAM  FOR 
VABIOUS  TOTAL  AMOUNTS  AND  DURATIONS  OF  STORM  INFLOW. 

Tlie  descriptive  matter  under  figure  99  applies  also  to  ^this  diagram. 


and  as  shown  by  figure  102  would  be  filled  a  little  above  spillway 
level  by  the  corresponding  runoff. 

A  similar  comparison  on  the  maximum  2-day  runoff,  for  the  storm 
of  December  1895,  using  again  the  90  per  cent  coefiicient,  shows  that 
such  a  flood  would  not  exceed  spillway  level  at  the  Germantown  and 
Englewood  dams,  but  that  it  would  rise  to  a  depth  of  about  3  feet 
on  the  Lockington  spillway,  about  2  feet  on  the  Huffman  spillway, 
and  about  3  feet  on  the  Taylorsville  spillway.  These  figures  are  ob- 
tained in  each  case  by  assuming  the  heaviest  rainfall  to  be  centered 
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in  succession  over  the  drainage  area  above  each  dam,  and  the  shape  of 
the  area  receiving  the  heaviest  rainfall  to  conform  exactly  to  the 
shape  of  each  of  the  various  drainage  areas  above  the  different  dams. 
If  the  heaviest  rainfall  had  been  divided  between  the  Taylorsville 
and  Huffman  drainage  areas,  the  depth  on  each  crest  would  have  been 
less.    In  any  event,  the  amount  discharging  over  the  spillways  under 

Mwc/mum  ttevatidfi  of  Htfter  Surfbce 

m  t    %    I 

I'M    I    I     , — I H 

.     All;    ^5      V 

Maximum  Head  on  Spif/way 


0  10  ZO  30 

MaKimm  Discharge  in  Thousanch  of  Second  Feet 

FIG.  101.— ^MAXIMUM  BATES  OF  OUTFLOW  AT  LOOKINGTON  DAM  FOK 
VABIOUS  TOTAL  AMOUNTS  AND  DURATIONS  OF  STOBM  INFLOW. 

The  de6criptiv6  matter  under  figure  99  applies  also  to  this  diagram. 


such  circumstances  would  have  increased  the  flow  entering  Dayton 
by  only  three  or  four  thousand  second  feet. 

A  similar  study  of  the  maximum  3-day  runoff  for  the  December 
1895  storm  shows  that  there  would  be  no  flow  over  any  spillway  ex- 
cept at  Lockington,  where  it  would  not  be  of  great  importance. 

Next,  the  summer  storms  may  be  considered.  These  are  arranged 
in  chronological  order  in  the  latter  part  of  table  12.  Again  the 
heaviest  precipitations  are  in  heavy  type.  For  a  period  of  1  day  these 
figures  show  that  over  an  area  of  250  square  miles  the  greatest  rain- 
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T9fQl  Storm  inf lour  »nlnch€B  from  Drainage  Anm 
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fall  occurred  during  the  storm  of  June,  1905,  centered  over  Iowa, 
and  amounted  to  11.5  inches  over  the  drainage  area. 

During  the  summer  time  it  seems  to  be  well  established  that  the 
runoff  from  a  given  amount  of  rainfall  is  less  than  for  the  same  rain- 
fall during  the  winter  season.    In  lack  of  definite  information  it  is 
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assumed  for  the  purpose  of  these  calculations  that  for  every  summer 
storm  period,  whether  1,  2,  or  3  days,  the  runoff  is  2  inches  less  than 
the  rainfall.  It  is  certain  that  the  total  amount  of  rainfall  that  dis- 
appears by  absorption  into  the  ground  and  evaporation  into  the  air, 
and  that  is  retained  by  surface  storage  to  produce  delayed  runoff 
under  ordinary  summer  conditions,  is  greater  in  amount  than  2  inches 
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FIG.   103.— MAXIMUM  BATES  OF  OUTFLOW  AT   HUFFMAN   DAM  FOR 
VARIOUS  TOTAL  AMOUNTS  AND  DURATIONS  OF  STORM  INFLOW. 

The  descriptive  matter  under  figure  99  applies  also  to  this  diagram. 


for  such  heavy  storms ;  so  using  this  amount  seems  to  err,  if  at  all,  in 
putting  too  severe  a  test  upon  the  protective  capacity  of  the  retard- 
ing basin  system. 

Deducting  2  inches  from  the  11.5  inches  leaves  9.5  inches  as  the 
maximum  1-day  runoff  to  be  taken  care  of  by  the  (Jermantown  and 
Lockington  retarding  basins.  Figure  99  shows  that  the  Germantown 
basin  would  then  be  filled  to  about  4  feet  above  the  spillway  crest, 
arid  that  the  combined  outfl6w  from  conduits  and  spillway  would  be 
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about  12,000  second  feet,  or  2000  feet  in  excess  of  the  conduit  dis- 
charge. Similarly,  figure  101  shows  that  Lockington  basin  would  be 
filled  to  about  8  feet  depth  on  the  spillway,  with  a  combined  discharge 
of  about  15,000  second  feet,  or  6000  second  feet  more  than  the  con- 
duit discharge. 

By  the  same  process,  for  a  drainage  area  of  650  square  miles  the 
storm  of  June  1905,  would  have  a  maximum  rainfall  of  10.6  inches. 
The  corresponding  runoff  of  8.6  inches  would  not  fill  the  Englewood 
basin  to  spillway  crest  level  according  to  figure  100,  but  according  to 
figure  103  would  fill  the  Huffman  basin  to  a  depth  of  about  7  feet 
above  the  spillway  crest,  giving  a  combined  discharge  at  the  dam  of 
about  42,000  second  feet,  or  7000  second  feet  in  excess  of  the  conduit 
discharge. 

Similarly,  for  1100  square  miles  the  storm  of  August  1903,  had 
the  greatest  rainfall,  and  the  runoff  would  be  9.9  minus  2.0,  or  7.9 
inches,  which  would  fill  the  Taylorsville  basin  to  about  8  feet  above 
the  spillway  crest,  with  a  total  discharge  of  about  64,000  second  feet, 
or  about  10,000  second  feet  in  excess  of  the  conduit  discharge  alone. 

If  the  storm  center  were  distributed  equally  over  the  1800  square 
miles  including  both  Taylorsville  and  Huffman  basins,  the  runoff 
would  become  7.2  inches,  giving  a  depth  on  Huffman  spillway  of 
about  3  feet,  and  on  Taylorsville  spillway  of  about  6  feet,  producing 
at  the  two  places  together  a  discharge  of  9000  second  feet  in  excess 
of  the  discharge  through  the  conduits. 

For  a  2-day  heaviest  storm  rainfall  the  storm  of  July  1900  was 
greatest  for  an  area  of  250  square  miles,  the  storms  of  July  1900  and 
August  1903  were  equal  for  650  square  miles,  and  the  storm  of 
August  was  greatest  for  larger  areas.  Deducting,  as  before,  2  inches 
from  each  total  rainfall  to  obtain  the  corresponding  runoff,  the  fol- 
lowing results  are  obtained  at  the  various  basins.  The  runoff  of  10.7 
inches  in  2  days  would  fill  Germantown  basin  to  4  feet  above  the  spill- 
way with  a  maximum  discharge  of  12,000  second  feet,  or  Lockington 
basin  to  a  depth  of  8  feet  over  the  spillway  with  a  discharge  600O 
second  feet  in  excess  of  the  conduit  discharge.  The  runoff  of  9.4 
inches  would  not  fill  Englewood  to  spillway  level,  but  would  fill  Huff- 
man to  5  feet  over  the  spillway,  producing  an  excess  dijscharge  of 
4000  second  feet.  A  runoff  of  8.7  inches  would  fill  Taylorsville  to  5 
feet  over  the  spillway  with  an  excess  discharge  of  5000  second  feet. 
If  spread  over  both  Huffman  and  Taylorsville,  Huffman  would  be  filled 
barely  to  spillway  level,  and  Taylorsville  would  reach  only  3  feet  over 
the  spillway. 

For  a  3-day  runoff  the  storm  of  October  1910  was  the  greatest  for 
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all  the  areas  under  consideration.  Deducting  a  2-incli  retention  as 
before,  with  a  runoflf  of  12.4  inches,  Qennantown  basin  would  be 
filled  6  feet  over  the  spillway,  giving  an  excess  discharge  of  3000  sec- 
ond feet,  and  Lockington  8  feet  over  the  spillway,  giving  an  excess 
discharge  of  6000  second  feet.  With  a  runoflf  of  11.4  inches,  Engle- 
wood  basin  would  be  filled  3  feet  above  the  spillway,  giving  an  excess 
discharge  of  2000  second  feet,  and  Huffman  to  5  feet  above  the  spill- 
way with  an  excess  discharge  of  5000  second  feet. 

With  a  runoff  of  10.7  inches  Taylorsville  basin  would  be  filled  to 
6  feet  above  the  spillway,  giving  an  excess  discharge  of  7000  second 
feet. 

With  a  runoff  of  10.2  inches  over  Englewood  and  Taylorsville 
drainage  areas  together,  the  former  basin  would  not  fill  to  spillway 
level,  and  the  latter  5  feet  above  spillway,  giving  an  excess  discharge 
of  about  5000  second  feet.  The  same  runoff  over  Huffman  and  Tay- 
lorsville together  would  fill  the  Huffman  basin  to  about  2  feet  above 
the  spillway  with  a  combined  excess  discharge  of  6000  second  feet. 

With  a  runoff  of  10.0  inches  in  3  days  over  the  whole  drainage 
area  above  Englewood,  Taylorsville,  and  Huffman  dams,  Englewood 
basin  would  not  be  filled  to  spillway  level,  and  the  combined  excess 
discharge  from  the  other  two  would  be  only  about  5000  second  feet. 

Before  discussing  the  above  figures  further  it  will  be  useful  to 
consider  somewhat  more  in  detail  the  possibility  of  the  occurrence  of 
storms  small  in  area  but  of  greater  intensity  than  those  shown  in 
table  12,  For  this  purpose  we  may  properly  confine  our  attention  to 
the  records  of  the  states  of  Kentucky,  Ohio,  Indiana,  Illinois,  Iowa, 
and  Missouri,  or  the  area  included  between  latitude  37  and  43  de- 
grees north  and  longitude  81  and  97  degrees  west.  Throughout  this 
region,  for  many  years,  there  has  been  a  Weather  Bureau  rainfall 
gaging  station  for  about  every  five  or  six  hundred  square  miles  of 
territory.  Hence,  the  chance  is  remote  that  storms  covering  two  or 
three  hundred  square  miles  could  have  occurred  materially  greater  in 
intensity  than  those  that  have  been  recorded. 

PROBABILITY  OF  OCCURRENCE 

In  Technical  Reports,  Part  V,  figures  38,  39,  and  40  show  the  most 
intense  rainfall  ever  recorded  (up  to  December  31,  1915)  at  any  sta- 
tion during  1,  2,  or  3  days  in  each  quadrangle  2  degrees  square. 
From  these  diagrams  it  is  seen  that  the  greatest  single  day  rainfall 
in  the  area  under  consideration  occurred  in  Iowa  and  was  14.6  inches. 
This  occurred  during  the  storm  of  August  1903,  and  is  shown  in  table 
12.    The  next  greatest  was  12.1,  also  in  Iowa,  during  the  storm  of 
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Jane,  1905,  and  is  also  shown  in  table  12.  Similarly,  the  diagrams 
show  that  the  largest  two  2-day  records  and  the  largest  two  3-day 
records  ever  obtained  at  any  station  in  this  region  also  occurred  dur- 
ing the  storms  listed  in  table  12,  and  hence  appear  in  that  table.  This 
proves  conclusively  that  table  12  includes  the  most  intense  rainfall 
ever  recorded  in  this  region. 

Of  all  the  figures  for  summer  storms,  as  discussed  above,  the 
largest  calculated  excess  discharge  which  would  affect  the  flow  through 
Dayton  is  10,000  second  feet,  which  is  much  less  than  the  available 
mar^  of  safely  of  the  Dayton  channel.  So,  assuming  that  these 
storms  could  occur  over  the  Miami  Valley,  the  resulting  runoff  would 
not  be  a  serious  menace.  But  the  chance  that  any  such  summer  run- 
off can  occur  in  the  Miami  Valley  seems  almost  negligible,  because  of 
the  extreme  assumptions  involved  in  the  above  calculations.  Let  us 
review  the  mitigating  conditions  seriatim. 

First,  it  will  be  noticed  that  all  the  summer  storms  enumerated 
in  table  12  were  centered  over  the  states  of  Iowa,  Wisconsin,  Illinois, 
Missouri,  and  Arkansas.  From  this  it  might  be  argued  that  no  such 
storms  can  occur  over  the  Miami  Valley.  On  the  other  hand,  one 
large  summer  flood  has  occurred  over  the  Miami  Valley,  that  of  Sep- 
tember 1866.  So  there  seems  a  chance,  albeit  a  very  minute  one,  that 
such  storms  may  occur  in  Ohio. 

Second,  in  the  above  calculations  nothing  has  been  deducted  for 
the  reduced  discharge  from  basins  not  filled  to  spillway  level.  This 
would  not  usually  be  an  important  factor. 

Third,  in  the  above  calculations  the  tacit  assumption  has  been 
made  that  for  each  case  being  considered  the  storm  center  would  so 
coincide  with  the  drainage  area  that  the  isohyetals  would  have  exactly 
the  same  shape  as  the  boundary  of  the  drainage  area.  It  is  practically 
impossible  for  this  to  be  true.  The  maps  of  these  storms  in  Teoh- 
nical  Reports,  Part  V,  show  that  invariably  the  isohyetals  are  more 
or  less  elongated  elliptical  curves  with  the  longer  axis  in  a  general 
east  and  west  direction,  in  agreement  with  the  usual  eastern  move- 
ment of  thunderstorms.  On  the  contrary,  the  drainage  areas  of  the 
Miami  Valley  have  their  longer  axes  in  a  general  north  and  ^puth 
direction.  This  renders  the  chance  almost  infinitesimal  that  the  iso- 
hyetals and  drainage  boundaries  could  exactly  coincide.  To  evaluate 
numerically  the  effect  of  this  discrepancy  is  very  difficult  on  account 
of  lack  of  data,  but  some  light  ^may  be  thrown  on  the  matter  Hy  a 
study  of  the  detailed  records  of  the  1913  flood  rainfall  in  this  valley. 

Table  13  shows  the  actual  maximum  1,  2,  and  3-day  precipitations 
over  the  various  drainage  areas  of  the  Miami  Valley  as  obtained  from 
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the  daily  rainfall  maps,  figures  2  and  3,  pages  28  and  29,  in  com- 
parison with  the  maximum  precipitation  for  similar  areas  in  the  same 
storm  as  shown  in  table  12. 


Table  13.— Actual  rainfall  dving  Mardi  1913  stona  on  spedflc  drainage  areas 

in  tbe  Hlaml  Valley,  compared  with  the  maxima  obsenred  etoewheie 

during  tliat  storm  oyer  areas  of  like  extent. 


Name  of  Baaln 


Gennantown 

Ehi|iewood 

Huffman 

Taylonville 

Ebo^ewood  A,  Taylonville. 

Himman  &  TivylorBville  .  . 

E^nelewood,  HwFman,  and 

TaylorsYiUe 


Draln- 

aie 

Arwi 


Sq. 

miles 

270 

051 

671 

1131 

1784 

1804 

2455 


For  1  Day 


Hi 

fie 


I 


In. 

6.0 
6.7 
6.7 
6.5 
6.2 
6.2 

6.0 


I 


M 


ill 

II 


4.4 
4.2 
3.7 
4.2 
4.2 
4.0 

4.0 


i 


In.  .  % 


64 
61 
55 
65 
68 
65 

67 


For  2  Days 


A   «*  aS. 

"a 

8 


In. 

9.1 

8.7 
8.7 
8.4 
8.2 
8.2 

8.1 


•I 

-a 


a 


In. 

8.0 
6.2 
6.0 
6.1 
6.1 
6.1 

6.1 


i 


5 


% 

88 
71 
60 
73 
74 
74 

75 


For  8  Days 


it 


In. 

0.0 
9.7 
9.7 
9.5 
9.3 
9.3 

9.2 


She 
S|a 


In. 

9.0 

7.7 
7.8 
7.6 
7.6 
7.7 

7.7 


3 

i 


% 

91 
79 
80 
80 
82 
83 

84 


The  belt  of  moBt  intense  rainfall  in  this  storm  crossed  the  Ger- 
mantown,  Englewood,  and  Taylorsville  drainage  areas,  and  must  have 
given  nearly  the  greatest  average  precipitation  over  these  areas  pos- 
sible for  such  a  storm.  The  table  shows,  nevertheless,  that  the  actual 
was  for  1-day  precipitation  only  about  65  per  cent  the  amount  from 
the  time-area-depth  diagram;  for  2-day  precipitation  about  75  per 
cent;  and  for  3-day  precipitation  about  85  per  cent.  It  is  evident, 
then,  that  the  maximum  amounts  in  table  12  could  never  be  reached 
on  our  drainage  areas. 

Fourth,  we  have  above  deducted  only  2  inches  from  the  total 
summer  rainfall  to  obtain  the  corresponding  runoff.  In  1913,  at  the 
time  of  maximum  runoff,  about  5  inches  in  depth  over  the  drainage 
areas  was  stored  on  the  ground  surface  and  in  stream  channels.  The 
drainage  basins  will  occupy  only  a  little  of  this  storage  capacity,  the 
remainder  being  available  as  before.  Hence,  only  the  most  rare  com- 
bination of  unfortunate  circumstances,  including  heavy  previous 
rains  sufiScient  to  saturate  the  ground  and  fill  up  the  stream  chan- 
nels, followed  by  rains  of  the  most  extreme  intensity  given  in  table 
12,  could  produce  a  condition  corresponding  to  that  assumed  in  the 
calculations. 

Taking  all  the  above  qualifications  into  consideration,  it  would 
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seem  as  though  there  were  no  chance  that  the  system  could  ever  be 
submitted  to  as  severe  a  test  as  shown  in  the  cloud  burst  calculations 
above. 

Assuming,  for  the  moment,  that  the  calculations  are  not  too  severe, 
as  made  above,  for  the  possible  effect  on  the  Miami  Valley  protection 
i^stem  of  the  occurrence  in  this  region  of  a  summer  storm  as  heavy 
as  the  greatest  on  record  anywhere  in  the  Mississippi  Valley,  it  is  of 
interest  to  consider  the  chance  of  the  occurrence  of  such  a  storm  in 
this  locality.  Table  12  indicates  that  heavy  summer  rains  may  occur 
at  points  throughout  the  states  of  Kentucky,  Ohio,  Indiana,  Illinois, 
Iowa,  and  Missouri.  The  combined  area  of  these  six  states  is  close 
to  300,000  square  miles.  The  drainage  area  above  Dayton  is  approxi- 
mately 2500  square  miles  or  one-one  hundred  twentieth  part  of  the 
total  area  of  the  six  states.  If  the  25-year  record  studied  in  Part  V  is 
representative  of  all  similar  periods ;  if  it  be  assumed  that  the  greatest 
summer  storm  on  record  would  put  an  equal  test  on  the  flood  protec- 
tion system  if  it  occurred  anywhere  over  the  drainage  area  above  Day- 
ton, (which,  in  reality,  is  much  too  severe  an  assumption) ;  and,  lastly, 
if  the  chance  of  such  a  storm  occurring  over  the  Miami  Valley  is  as 
great  as  of  its  occurrence  over  any  other  part  of  the  Mississippi  Val- 
ley (which  does  not  seem  to  be  true  according  to  the  records) ;  then 
we  may  predict  that  once  in  120  times  25  or  3000  years  the  protection 
works  will  be  subjected  to  such  a  test  as  discussed  above  by  the-occur- 
rence  of  a  summer  storm  comparable  in  magnitude  with  the  greatest 
i^hown  in  table  12.  The  flood  protection  system  has  been  so  designed 
as  to  handle  such  a  storm  if  it  ever  should  come. 


CHAPTER  XI.— HYDRAULICS  OF  CHANNEL 

IMPROVEMENTS 

The  design  of  the  improvements  at  the  various  cities  is  so  inti- 
mately connected  with  local  conditions,  such  as  the  position  of  bridges, 
buildings,  railroads,  and  canals,  that  it  is  possible  in  this  volume  to 
discuss  them  but  briefly.  For  this  reason  the  scope  of  this  chapter  is 
limited  to  describing  the  method  of  determining  the  channel  capacities 
required  with  retarding  basin  control,  and  a  discussion  of  the  gen- 
eral principles  of  channel  improvement. 

CHANNEL  CAPACITIES  REQUIRED  WITH  RETARDING  BASIN 

CONTROL 

Because  of  the  uncertainty  of  the  rates  of  runoff  from  the  unreser- 
voired  areas,  a  mathematically  rigid  determination  of  the  channel 
capacity  required  at  each  of  the  various  cities  to  take  care  of  a  flood 
forty  per  cent  larger  than  that  of  March  1913  with  retarding  basins 
built,  was  not  possible.  In  the  1913  flood  the  topography  of  the 
watershed  exerted  a  material  influence  on  the  rates  of  flow  at  the  dif- 
ferent points.  This  influence  would  be  the  same  in  the  case  of  an- 
other flood.  The  distribution  of  rainfall  was  another  principal  factor. 
The  precipitation  in  the  vicinity  of  Troy  was  very  heavy  and  caused 
intense  local  runoff  rates.  This  was  shown  not  only  by  the  results  of 
the  measurements  but  also  by  the  damage  done  by  the  floods  in  the 
small  streams  in  that  section.  In  another  flood  the  rainfall  distribu- 
tion would,  of  course,  differ  and  a  design  for  channel  improvement  to 
protect  against  future  floods  should  take  this  into  account.  The  flood 
measurements  showed  at  Piqua  a  runoff  of  70,000  second  feet  from 
842  square  miles,  and  at  Tadmor  127,300  from  1128  square  miles. 
The  maximum  inflow  between  those  points  was,  then,  57,300  second 
feet  from  286  square  miles  or  about  200  second  feet  per  square  mile. 
If  this  rate  is  applied  to  the  66  square  miles  of  drainage  area  between 
Troy  and  Piqua,  it  gives  13,000  second  feet.  To  make  the  1913  flood 
discharges  represent  more  nearly  what  they  would  be  likely  to  be 
from  another  such  storm,  we  would  probably  increase  the  measured 
flow  at  Piqua  a  little  and  possibly  decrease  it  somewhat  at  Tadmor. 
An  increase  of  12,000  instead  of  13,000  was  therefore  adopted  for  the 
area  between  Piqua  and  Troy,  or  a  rate  from  the  66  square  miles  of 
182  cubic  feet  per  second  per  square  mile.    This  same  unit  rate  was 
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also  assumed  for  12  square  miles  above  Piqua.    The  computation  of 
the  required  capacity  at  Piqua  and  Troy  would  be  as  follows : 

For  Plana 

Miami  Biver  1913  flow  above  mouth  of  Loramie  Creek,  from 

575  square  miles   48,500  second  feel 

From    12    additional    square   miles,   at    182    second   feet   per 

square  mile   ; 2,200      '*        '* 

50,700  "  " 

Add  40  per  cent   20,300  ''  " 

From    Lockington    Basin,   including   discharge   over  ^spillway 

two  feet  deep    9,800  "  ** 

Discharge    at    Pitjua ».  80,800      "        " 

For  Xroy 
Miami  Biver  1913  flow  above  moiith  of 'Loramie  Creek,  575 

square  miles  48,500  second  feet 

From  78  additional  square  miles  at  182  second  feet  per  square 

mUe    14,200      ''        ** 

62,700  "  " 

40  per  cent  additional   25,100  "  *  * 

From    Lockington    Basin,   including   diseharge    over   epillway 

two  feet  deep    9,80C  -■  * 

Discharge  at  Troy    ', 97,600      -         " 

Flood  protection  by  retarding  basins  is  most  effective  at  points 
immediately  below  the*  basins.  As  we  consider  points  further  and 
further  down  the  valley  from  the  dams,  the  diseharge  from  the  un- 
reservoired  area  becomes  an  increasingly  larger  factor  until  finally  it 
may  become  the  dominant  one. 

At  Dayton,  after  the  retarding  basins  are  finished,  the  crests  of 
floods  will  be  caused  primarily  by  the  maximum  retarding  basin  dis- 
charges, which  will  occur  somewhat  later  than  the  heaviest  rain,  at  a 
timi  when  the  runoff  from  the  unreservoired  area  will  have  decreased 
materially. 

At  Hamilton  conditions  will,  in  general,  be  quite  different.  There 
will  be  two  separate  flood  peaks,  the  first  caused  primarily  by  the 
flow  from  the  947  square  miles  below  the  dams,  and  the  second  caused 
principally  by  the  sum  of  the  maximum  outflows  through  the  dams. 
As  shown  below,  the  first  of  these  peaks  will  be  the  larger. 

For  points  between  Dayton  and  Hamilton  it  appears  that  the  flood 
crests  will  be  caused  principally  by  the  maximum  retarding  basin 
outflows,  and  that  the  discharge  from  the  unreservoired  area  will  not 
become  the  leading  factor  until  the  mouth  of  Four  Mile  Creek  is 
reached  a  short  distance  above  Hamilton. 
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Table  XVII  of  the  Appendix  shows  the  results,  of  a  method  of  esti- 
mating the  needed  channel  capacity  at  Dayton,  and  points  below, 
after  the  retarding  basins  are  completed,  based  upon  the  principles 
stated  above.  The  rates  of  runoff  from  the  unreservoired  areas  are 
based  upon  the  measurements  of  the  1913  flood.  For  a  storm  like 
that  of  1913,  at  the  time  the  peak  caused  by  the  maximum  discharge 
from  the  dams  reaches  the  various  cities,  it  is  assumed  that  the  simul- 
taneous unit  rate  of  runoff  from  the  corresponding  unreservoired 
area  is,  at  Dayton,  120  second  feet  per  square  mile ;  at  Middletown, 
75  second  feet  per  square  mile,  varying  at  intermediate  points  in 
direct  proportion  to  the  increase  in  the  unreservoired  area ;  at  Ham- 
ilton, 60  second  feet  per  square  mile.  For  the  OfiScial  Plan  flood  these 
rates  are  increased  by  40  per  cent. 

The  crests  at  these  cities  will  occur  shortly  before  the  discharges 
from  the  retarding  basins  reach  their  maximum  values.  This  is  al- 
lowed for  by  the  slight  reduction  shown  in  column  7  below  the  values 
in  column  6.  The  values  in  column  8  are  the  sum  of  those  in  columns 
5  and  7.  The  larger  peak  at  Hamilton  is  obtained  by  using  the  maxi- 
mnm  rate  of  runoff,  120  second  feet  per  square  mile,  from  the  947 
square  miles  of  unreservoired  area,  combined  with  45  per  cent  of  the 
total  maximum  discharge  from  the  retarding  basins. 

In  planning  the  actual  channel  improvements  at  the  various  cities 
it  was  found  in  some  cases  that  to  provide  a  capacity  sufficient  for  a 
flood  40  per  cent  greater  than  that  of  1913,  with  3  feet  of  freeboard 
on  the  levees,  would  entail  a  cost  very  great  in  proportion  to  the  value 
of  the  property  protected.  This  was  true  at  Piqua  and  West  Carroll- 
ton.  At  Franklin  and  West  CarroUton  the  depth  of  flooding  would 
be  slight,  the  menace  being  one  of  inconvenience  rather  than  of  great 
injury.  At  these  places  the  margin  of  protection  was  reduced,  though 
in  all  cases  a  flood  greater  than  1913  is  protected  against.  At  Troy 
the  margin  of  40  per  cent  over  1913  is  provided  against  the  entrance 
of  water  at  the  upper  limits  of  the  city,  thus  even  in  case  of  such  a 
flood  reducing  overflow  solely  to  quiet  backwater. 

PRINCIPLES  OF  CHANNEL  IMPROVEMENT  DESIGN 

To  have  the  maximum  flood  carrying  capacity,  an  ideal  open  chan- 
nel should  have  a  cross  jaection  constant  in  area  and  shape,  a  straight 
alignment,  smooth  bed  and  banks,  a  uniform  slope  to  the  bed,  should 
be  free  from  obstructions,  and  should  be  secure  against  damage  from 
scour  or  deposit.  Since  in  actual  practice  it  is  possible  to  approach 
only  approximately  to  the  ideal  conditions,  it  is  desirable  to  discuss 
the  effects  of  departing  from  them  in  various  respects,  to  show  the 
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best  ways  of  minimizing  the  deleterious  effects  of  such  departure  as 
may  be  unavoidable^  and  to  determine  so  far  as  possible  their  relative 
importance. 

Variation  in  Area  of  Cross  Section 

A  uniform  area  of  cross  section  in  all  portions  of  the  channel  is 
highly  desirable;  some  variation,  however,  is  permissible,  in  fact,  is 
often  unavoidable.  A  change  in  the  area  of  cross  section  entails  an 
inverse  change  in  the  average  velocity  and  in  the  velocity  head. 
When  the  cross  section  is  diminished  the  velocity  of  the  moving  water 
must  increase,  and  this  increase  can  be  obtained  only  by  th6  consump- 
tion of  pressure  or  head.  Hence,  when  the  water  moving  in  an  open 
channel  increases  in  velocity,  the  surface  of  the  water  must  have  an 
increase  in  slope  by  an  amount  exactly  equal  to  the  increase  in  the 
amount  of  the  velocity  head  of  the  moving  water.  In  such  a  change 
some  of  the  potential  energy  of  the  water  has  been  converted  into 
kinetic  energy  and  added  to  the  previous  kinetic  energy.  In  such  a 
change  there  is  not  necessarily  any  impact  or  any  additional  con- 
sumption of  energy  by  friction  more  than  would  exist  in  a  uniform 
channel.  Such  a  change,  therefore,  takes  place  easily  and  naturally 
under  appropriate  circumstances  without  any  unusual  loss  or  dissipa- 
tion of  energy  in  the  form  of  heat. 

It  is  quite  otherwise,  however,  with  a  change  in  the  opposite  direc- 
tion. If  the  cross  section  of  a  channel  is  increasing,  the  average 
velocity  is  being  reduced.  To  accomplish  this  reduction  requires  the 
action  of  a  force  opposing  the  moving  water.  Theoretically,  such  a 
force  may  be  an  increasing  head  or  height  in  the  water  surface  through 
a  flattening  of  the  slope  down  stream,  the  opposite  of  the  condition 
described  in  the  preceding  paragraph.  But  such  a  condition  of  rising 
surface  is  always  relatively  unstable  and  uncertain  in  action.  The 
water,  initially  moving  faster,  strikes  the  slower  moving  water  ahead 
of  it  producing  the  state  generally  spoken  of  as  internal  impact,  lead- 
ing to  dissipation  of  kinetic  energy  into  heat.  This  unstable  condi- 
tion may  be  partly  explained  as  follows.  The  water  has  unequal 
velocities  in  different  portions  of  the  cross  section.  The  head  to  stop 
entirely  the  velocity  of  one  part  will  only  somewhat  reduce  the  veloc- 
ity of  another  portion.  This  renders  it  difficult  to  maintain  proper 
equilibrium  between  the  different  portions. 

It  is  found  that  in  closed  pipes  under  pressure  an  expansion  of 
cross  section,  if  sufficiently  smooth  and  gradual,  can  be  used  to  con- 
vert velocity  into  pressure,  that  is,  kinetic  energy  into  pressure  en- 
ergy, with  only  a  negligible  loss  of  energy  in  the  form  of  heat.  This 
fact  is  made  use  of  in  the  expanding  tube  of  a  Venturi  meter.    But  it 
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is  also  fomid  that  unless  the  expansion  is  quite  gradual  the  internal 
impact  is  considerable. 

In  an  open  channel,  the  very  fact  that  the  water  surface  is  open 
to  the  air  and  thus  relatively  unrestrained  on  half  its  boundary, 
makes  a  gradual  expansion  more  difficult  to  secure.  If  the  expansion 
is  too  rapid  the  moving  water  seems,  in  a  sense,  to  break  loose  from 
restraint,  to  leave  some  portion  of  the  enlarged  cross  section  unoccu- 
pied, and  to  move  on  with  velocity  undiminished  except  as  it  is  re- 
tarded by  surface  friction.  That  portion  of  the  cross  section  unoc- 
cupied by  the  moving  stream  is  filled  with  stagnant  water  or  water 
moving  in  an  eddy  whose  motion  is  maintained  by  friction  with  the 
moving  current.  To  sum  up,  although  in  both  gradual  contraction 
and  gradual  expansion  the  changes  of  velocity  and  surface  height 
may  take  place  in  accordance  with  Bemouilli's  Law  for  the  mutual 
interconvertibility  of  pressure  and  velocity,  we  may  say  that  such 
changes  are  also  subject  to  another  law,  namely,  that  the  change  from 
pressure  to  velocity  takes  place  easily  and  readily,  while  the  change 
in  the  opposite  direction  is  secured  only  by  care  and  effort  to  overcome 
the  tendency  of  the  water  to  avoid  the  change. 

In  gradual  expansion  there  is  another  agency  which  may  often  be 
utilized  to  advantage,  that  is  bank  friction.  It  is  a  force  always  tend- 
ing to  retard  velocity.  If  the  expansion  is  made  so  gradual  as  to  use 
friction  as  the  sole  means  of  retarding  velocity,  undoubtedly  it  will 
operate  satisfactorily.  Instead  of  the  usual  surface  gradient  as  found 
in  a  uniform  channel,  the  gradient  of  the  water  surface  would  then  be 
flatter  or  might  even  be  level  throughout  the  expanding  section,  and 
the  tendency  to  produce  eddies  or  internal  impact  would  be  a  minimum. 

Where  changes  in  the  area  of  cross  section  are  unavoidable,  reduc- 
tion of  area  accompanied  by  increase  in  velocity  may  be  relatively 
abrupt,  but  expansion  of  cross  section  should  be  relatively  much  more 
gradual  and  should  be  limited  to  such  a  rate  as  will  maintain  the  sur- 
face gradient  only  l^vel  rather  than  rising  throughout  the  expanding 
section. 

Enlarging  the  area  of  cross  section  of  a  channel,  in  general,  in- 
creases its  maximum  carrying  capacity.  Enlargement  may  be  secured 
by  widening  the  channel,  by  deepening  it,  or  by  building  levees  on  the 
banks.  All  of  these  methods  are  limited  in  their  application.  In  ad- 
dition to  the  expense  of  handling  the  excavated  materials,  widening  a 
channel  in  some  locations  may  not  be  feasible  on  account  of  damage 
to  valuable  adjacent  property.  Deepening  a  channel  is  of  limited 
application,  because  there  are  objections  to  giving  any  portion  of  the 
bottom  of  a  channel  a  lower  elevation  than  the  bottom  in  adjacent  por- 
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tions  of  the  channel.  Any  such  sag  or  pocket  in  the  bottom  is  liable 
to  filling^  and  hence  such  construction  lacks  permanence.  Building 
levees  on  the  banks  may  be  objectionable  because  of  the  room  they 
occupy,  because  they  are  unsightly,  and  because  they  are  obstacles  to 
passage  across  the  river.  Obstruction  to  view  caused  by  high  levees 
in  cities  tends  to  depreciate  the  value  of  adjacent  property.  Any 
project  for  channel  enlargement  becomes  a  complicated  problem  of 
carefully  balancing  the  relative  advantages  and  disadvantages  of  the 
different  methods. 

Although  it  may  be  much  easier  and  cheaper  to  enlarge  a  channel 
in  one  portion  of  its  length  than  in  another,  it  does  not  foHow  that  the 
amount  of  enlargement  should  be  greater  in  the  portion  where  it  is 
cheaper.  Variation  of  cross  section  should  be  kept  as  small  as  pos- 
sible. It  follows,  therefore,  that  a  given  amount  of  excavation  to  en- 
large the  cross  sections  of  smallest  area  is  much  more  effective  than 
the  same  amount  of  excavation  in  places  where  the  area  of  cross  sec- 
tion is  larger.  The  first  endeavor  in  enlarging  a  channel,  then,  should 
be  to  locate  the  constrictions  existing  in  the  channel  and  to  enlarge 
them  as  much  as  practicable.  Removing  the  pinched  places  is  one  of 
the  most  effective  means  of  increasing  a  channel's  carrying  capacity. 
If  a  channel  has  a  considerable  amount  of  rather  abrupt  variation  in 
cross  section  it  is  doubtful  whether  any  excavation  in  the  larger  cross 
sections  is  of  value  so  far  as  the  increased  area  goes.  On  the  contrary, 
it  may  be  wise  to  fill  a  portion  of  an  abnormally  large  cross  section, 
especially  in  cases  where  such  filling  will  furnish  a  convenient  and 
economical  means  of  disposal  of  material  excavated  in  other  portions 
of  the  channel. 

Curves  in  Alignment 

One  of  the  troublesome  but  unavoidable  characteristics  of  open 
channels  is  the  presence  of  curves  in  alignment.  When  water  flows 
in  a  straight  smooth  channel  the  transverse  surface  profile  is  probably 
a  straight  horizontal  line.  Various  observers  have  claimed  that  the 
water  in  the  middle  of  the  stream  is  higher  than  at  the  banks.  If 
waves  are  present,  they  are  much  larger  in  the  middle  than  near  the 
banks,  and  their  crests  are  therefore  correspondingly  higher;  but  it 
has  not  yet  been  satisfactorily  proved  that  the  average  surface  eleva- 
tion is  any  greater  at  the  center. 

On  a  curve  or  bend  the  transverse  surface  profile  cannot  be  level. 
Water,  like  all  matter,  when  in  motion  moves  in  accordance  with 
Newton's  First  Law  of  Motion;  that  is,  it  moves  in  a  straight  line 
unless  deflected  by  the  action  of  some  unbalanced  force.  If  water 
moves  in  a  curve,  there  must  be  an  unbalanced  force  acting  against 
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the  water  and  directed  towards  the  center  of  cunrature.  Let  figure 
104  represent  the  transverse  cross  section  of  a  stream  at  a  bend,  A 
being  at  the  inner  bank,  and  B  at  the  outer  bank.  Consider  that  por- 
tion of  the  stream  whose  cross  section  is  represented  by  the  area 
CDHO.  As  this  portion  flows  around  the  bend  it  is  deflected  toward 
the  center  of  curvature  on  the  side  toward  A,  This  deflection  is 
caused  by  the  excess  of  pressure  on  the  face  D  H  over  the  pressure  on 
the  face  C  O.    The  excess  of  pressure  can  exist  only  when  the  water 


FIG.  104.— CHANNEL  CBOSS  SECTION  ILLUBTBATING  CONDITIONS  IN 

BEND  OF  BIVEE. 

surface  at  D  is  slightly  higher  than  at  C.  The  amount  of  the  excess 
pressure  can  be  exactly  calculated  by  the  formula  for  centrifugal 
force  when  the  velocity  of  the  moving  water  and  the  radius  of  cur- 
vature of  its  path  are  known.  For  an  actual  stream  such  calculations 
are  subject  to  some  degree  of  uncertainty  because  the  velocity  varies 
throughout  the  cross  section,  and  because  the  radius  of  curvature  can- 
not be  precisely  determined.  Subject  to  these  uncertainties,  how- 
ever, the  calculated  differences  in  surface  elevation  between  A  and 
JB,  on  the  inner  and  outer  banks  at  a  bend,  agree  with  the  observed 
difference  within  the  limit  of  possible  error  in  the  observation.  The 
surface  at  the  outer  bank  B  is  rarely  higher  than  the  surface  at  A  by 
more  than  a  few  inches.  The  complete  mathematical  discussion  of  the 
calculation  of  the  transverse  surface  slope  at  a  bend  is  given  on 
page  271. 

Another  detail  regarding  the  curved  motion  around  a  bend  should 
be  noted  at  this  place.  Referring  again  to  figure  104,  the  excess  of 
pressure  required  at  F  over  that  at  E  varies  as  the  square  of  the 
velocity  of  the  moving  water,  other  things  being  equal.  But  the  layer 
near  the  bottom  O  H  has  a  much  slower  velocity  than  a  central  layer 
like  E  F.  It  follows  then  that  the  same  surface  elevation  at  D  cannot 
furnish  precisely  the  required  excess  pressure  for  both  layers  EF 
and  OH,  What  really  happens  is  that  the  two  layers  do  not  bend 
aroiAid  the  same  center  of  curvature  and  do  not  have  the  same  radius 
of  curvature.  The  excess  pressure  at  D  takes  an  intermediate  value, 
and  the  motion  of  each  layer  adjusts  itself  to  this  pressure  difference. 
The  layer  OH  has  a  shorter  and  the  layer  E F  s,  greater  radius  of 
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curvature  than  the  average.  As  a  result  the  fastest  moving  water 
gradually  shifts  toward  the  outer  bank  as  it  moves  around  the  bend, 
and  there  is  a  compensating  creep  of  the  slower  moving  water  near 
the  bed  of  the  channel  towards  the  inner  bank.  This  effect  cumulates 
with  the  length  of  the  1)end^  so  that  in  a  long  bend,  such  as  a  semi- 
circular curve,  finally  all  the  water  with  highest  velocity  is  near  the 
outer  bank  while  in  the  inner  half  of  the  cross  section  the  velocity 
of  the  water  is  much  slower.  This  phenomenon  was  observed  and 
studied  in  a  small  experimental  channel  by  Professor  James  Thomp- 
son about  1870. 

The  next  point  for  consideration  is  the  condition  at  the  junction 
points  of  straight  channels  and  bends.  In  actual  rivers  there  is 
always  some  sort  of  gradual  transition  curve  at  both  the  beginning 
and  ending  of  a  curve,  but  it  will  be  simpler  to  discuss  a  theoretical 
channel  in  which  two  tangents  are  connected  by  a  circular  curve  of 
constant  radius.  Since  the  transverse  profile  is  level  on  the  approach- 
ing tangent  but  must  be  inclined  around  the  bend,  the  question  arises 
as  to  how  the  change  takes  place  from  one  state  to  the  other.  Per- 
haps, theoretically,  the  level  cross  section  could  be  transformed  to  the 
slanting  shape  most  simply  by  raising  the  water  surface  at  the  outer 
bank  and  lowering  it  at  the  inner  bank  by  equal  amounts.  Such  a 
rising  at  the  outer  bank  would  be  open  to  the  difficulties  and  compli- 
cations previously  discussed  for  a  rising  water  surface.  As  a  matter 
of  fact,  during  careful  observations  on  numerous  sharp  bends  in 
actual  river  channels,  no  case  has  been  found  in  which  there  was 
plainly  a  rise  in  the  water  surface  at  the  outer  bank  at  the  beginning 
of  a  curve.  But  there  is  always  a  noticeable  tendency  for  the  longi- 
tudinal slope  to  be  fiattened  at  the  outer  bank  at  this  point  and  it 
frequently  becomes  practically  level  for  a  short  distance.  The  re- 
mainder of  the  required  transverse  slope  results  from  a  rather  sudden 
depression  in  the  water  surface  at  the  inner  bank  at  the  beginning  of 
the  curve. 

An  important  secondary  effect  of  the  changes  in  surface  elevation 
at  the  beginning  of  a  curve  is  the  disturbance  of  the  velocity  distribu- 
tion in  the  cross  section.  The  relative  surface  elevation  at  the  outer 
bank  is  accompanied  by  a  reduction  in  velocity  in  that  region,  while 
the  surface  depression  at  the  inner  bank  produces  a  local  acceleration 
of  velocity.  This  condition  may  usually  be  observed  at  the  beginning 
of  a  sharp  bend  in  a  river  channel,  and  produces  an  appearance  as 
though  the  rapidly  moving  water  had  moved  over  from  the  center  of 
the  channel  to  a  course  near  the  inner  bank.  It  should  be  remem- 
bered; however,  that  this  appearance  is  partly  deceptive.    The  rapidly 
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moving  water  near  the  inner  bank  is  in  large  part  the  same  water 
which  was  near  the  bank  farther  up  stream,  moving  slowly,  and 
which  has  been  accelerated  at  the  approach  of  the  curve. 

At  the  lower  end  of  the  curve  another  adjustment  of  the  trans- 
verse surface  profile  must  be  effected  in  joining  to  the  straight  chan- 
nel. As  before,  it  seems  to  be  easier  for  the  higher  surface,  now  at 
the  outer  bank,  to  be  depressed,  than  for  the  lower  surface,  now  at 
the  inner  bank,  to  be  raised,  in  order  that  the  two  may  be  adjusted 
to  a  common  level.  But,  as  before,  observation  of  actual  channels 
shows  that  the  longitudinal  slope  often  becomes  nearly  level  at  the 
inner  bank  for  a  short  length,  even  though  the  major  part  of  the  nec- 
essary surface  adjustment  is  obtained  by  a  rather  sudden  drop  of  the 
water  surface  along  the  outer  bank.  During  the  high  waters  of  Janu- 
ary 2  and  February  1,  1916,  and  April  21,  1920,  profile  levels  were 
taken  along  both  banks  of  the  Miami  Biver  through  Dayton.  The 
resulting  profiles  for  the  latter  two  dates  are  shown  in  figure  105. 
These  show  that  the  water  surface  on  the  inside  of  a  curve  drops  sud- 
denly at  the  beginning  of  the  curve,  and  then  assumes  a  flatter  slope, 
while  the  surface  at  the  outside  of  the  curve  has  a  flat  slope  in  the 
first  part  of  the  curve,  with  a  rather  sudden  drop  at  the  lower  end. 

The  profiles  for  the  two  different  floods  show  considerable  dif- 
ferences in  details.  During  the  flood  of  1920  a  much  greater  propor- 
tion of  the  total  discharge  came  from  Mad  Biver  than  during  the  flood 
of  1916.  This  implied  that  Mad  Biver  was  at  a  relatively  high  stage 
as  compared  with  the  upper  Miami.  Hence,  there  was  a  decided  local 
flattening  in  the  surface  slope  above  the  junction  with  Mad  Biver  and 
extending  as  far  as  Island  Park  dam.*  At  the  time  of  the  1920  flood 
a  large  amount  of  channel  improvement  had  been  completed  along 
the  stretch  of  channel  covered  in  these  proflles.  At  various  places, 
however,  uncompleted  portions  made  very  perceptible  local  distor- 
tions in  the  profile.  Thus,  just  below  Herman  Avenue  bridge,  on  the 
left  bank,  was  a  construction  and  storage  basin  for  barges  and  a  large 
pile  of  gravel  projecting  into  the  channel.  This  acted  as  an  obstacle 
to  the  current  and  formed  a  large  eddy  on  its  downstream  side ;  these 
show  a  decided  sudden  wave  in  the  profile.  Again,  just  above  tiie 
junction  with  Wolf  Creek,  on  the  right  bank,  there  were  some  large 
piles  of  gravel  and  two  dragline  excavators  in  the  current  producing 
a  similar  distortion  in  the  surface  profile  along  that  bank.    It  is  to  be 

*  At  the  time  of  the  Pebmary  1916  flood  the  Island  Park  dam  had  not  been 
built,  but  the  old  Steele  dam,  locaited  600  feet  farther  upstream,  was  still  in  exist- 
ence. This  accounts  for  the  difference  in  the  locations  of  the  drop-off  over  the 
dam  at  upper  ends  of  profiles  in  figure  105. 
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expected  that  when  the  channel  improvements  are  completed,  the 
surface  profile  will  show  much  less  irregularity. 

Just  as  was  true  at  the  beginning  of  the  curve,  the  sudden  drop  of 
the  water  surface  is  necessarily  accompanied  by  a  corresponding  ac- 
celeration of  velocity,  but  with  this  important  difference.  At  the 
upper  end  of  the  curve,  the  water  receiving  the  acceleration  was  in 


HTDBAULIC8  OF  MIAMI  FLOOD  CONTROL  PROJECT         269 

that  part  of  the  fsrtreatn  near  the  bank  which  had  previonsly  possessed 
a  relatively  low  velocity;  therefore,  even  after  being  accelerated  its 
velocity  was  not  conspicuously  high.  At  the  lower  end  of  the  curve, 
however — ^particularly  on  a  long  curve  of  90  degrees  or  more — the 
water  receiving  the  sudden  acceleration  near  the  outer  bank  is  the 
water  already  possessing  the  highest  velocity  of  any  in  the  cross  sec- 
tion, having  been  thrown  outward  towards  the  outer  bank  by  centri- 
fugal action  during  its  progress  around  the  curve ;  therefore,  after 
being  accelerated,  its  velocity  is  conspicuously  high,  often  greater 
than  at  any  other  point  within  a  considerable  distance  either  up  or 
down  stream.  This  high  velocity  close  to  the  outer  bank  often  pro- 
duces heavy  erosion.  While  erosion  often  takes  place  near  the  inner 
bank  at  the  beginning  of  a  curve,  it  is  generally  much  less  extensive 
than  that  to  be  seen  near  the  outer  bank  at  the  lower  end  of  a  curve. 

The  superelevation  of  the  water  surface  at  the  outer  bank  of  a 
bend  is  approximately  proportional  to  the  width  of  the  stream  and 
inversely  proportional  to  the  radius  of  the  bend.  To  reduce  as  much 
as  possible  the  disturbing  effect  of  the  bend  upon  the  normal  velocity 
distribution  throughout  the  stream,  it  is  desirable,  then,  to  keep  the 
radius  of  curvature  as  large  as  possible.  The  inner  bank  should 
have  a  radius  not  less  than  twice  the  width  of  the  stream  and  should 
be  as  much  larger  as  practicable. 

The  effect  of  the  variable  velocity  distribution  throughout  a  cross 
section  is,  probably,  to  increase  slightly  the  actual  radius  of  curvature 
followed  by  the  moving  water  in  going  around  a  bend,  especially  for 
a  short  curve.  Thus,  for  a  curve  of  90  degrees  the  effective  radius  for 
the  whole  stream  is  probably  as  great  as  the  radius  of  the  outer  bank ; 
but  for  a  curve  of  180  degrees  the  effective  or  actual  radius  cannot 
much  exceed  the  average  of  the  radii  of  the  inner  and  outer  banks. 

Where  compound  curves  are  possible  they  may  be  of  some  use. 
There  would  not  seem  to  be  much  advantage  in  having  a  transition 
curve  of  large  radius  at  the  beginning  of  a  sharp  curve,  because  the 
erosion  at  the  beginning  of  a  curve  is  not  generally  a  serious  matter ; 
but  a  curve  of  gradually  increasing  radius,  as  a  transition  from  a 
sharp  bend  to  a  tangent,  apparently  is  of  considerable  value  in  re- 
ducing the  tendency  to  set  up  injurious  erosion. 

Curves  in  open  channels  are  objectionable,  first,  because  by  dis- 
turbing the  normal  velocity  distribution  they  tend  to  increase  fric- 
tional  losses;  and  second,  because  they  increase  the  danger  of  serious 
local  erosion.  Where  bank  protection  becomes  necessary,  it  is  most 
needed  on  the  outer  bank  in  the  lower  part  of  the  curve,  and  to  a  less 
:esnree  on  the  inner  bank  at  the  beginning  of  a  curve. 
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The  loss  of  capacity  of  a  channel  dne  to  curvature  is  not  as  ^eat, 
however,  as  has  ordinarily  been  assomed.  The  roughness  coefficient 
for  the  channel  through  Dayton,  at  the  time  the  profiles  of  figure  105 
were  taken,  was  found  to  differ  little,  if  any,  from  that  which  would 
be  expected  for  a  similar  straight  channel.  Probably  the  best  data  on 
the  loss  of  head  due  to  curvature  is  that  obtained  under  the  direction 
of  E.  0.  Hopson,  on  a  concrete  lined  irrigation  canal  near  Echo,  Ore- 
gon, and  described  by  htm  in  the  Engineering  Record  of  October  21, 


FIO.  106.— CBOSa  6BGTI0N  OF  CONDUIT,  UMATILLA  PEOJBCT,  OBEGON. 

1911,  Vol.  64,  page  480.  Figure  106  shows  a  cross  section  and  figure 
107  a  plan  of  the  portion  of  the  canal  upon  which  the  experiments 
were  made.  The  curves  were  made  up  of  10-foot  tangents,  which,  no 
doubt,  increased  the  friction  loss  somewhat  over  that  which  would 
have  occurred  with  smooth  curves.  Assuming  that,  if  there  were  no 
curves  present,  the  loss  per  unit  length  of  the  entire  canal  would  have 
been  the  same  as  that  measured  in  the  straight  portion  of  the  canal, 
the  results  show  that  the  total  loss  dne  to  curvature  and  irregularities 
at  bends  was  only  0.36  feet  out  of  a  total  friction  loss  of  3.65  feet,  or 
less  than  10  per  cent.  It  seems  probable,  therefore,  that,  except  in 
such  extreme  cases  as  of  channels  with  very  fiat  slopes,  the  error  due 
to  neglecting  the  loss  of  capacity  of  a  channel  due  to  curvature  is  less 
than  that  which  is  likely  to  be  made  in  selecting  a  roughness  factor. 
The  mathematical  formulas  for  the  transverse  slope  of  the  water 
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surface  of  a  stream  flowing  around  a  enrve  are 
derived  as  follows:  Consider  the  forces  acting  on 
an  element  of  the  stream  represented  hj  C  D  H 
G,  figure  104.  For  the  purposes  of  this  discussion 
let  it  he  assumed  that  all  parts  of  thk  element  have 
the  same  velocity  and  that  all  parts  of  the  stream 
are  moving  in  circular  paths  around  the  same 
center  of  curvature. 

Let  &=hreadth  of  the  stream, 
r=radins  of  curvature, 
Ti  =  radius  of  curvature  of  inner  bank, 
r,  =  radius  of  curvature  of  outer  bank, 
dr= distance  CD, 
y  =  depth  of  element  C  O, 
dy= height  of  D  above  C, 
y= velocity  of  water, 
w  =  weight  of  unit  volume  of  water, 
B  =  radius  of  curvature  at  center  of 
stream. 

The  centrifugal  force  acting  on  the  element  C 
D  H  G  is  equal  to  the  excess  pressure  on  the  face 
D  ff.over  the  pressure  on  the  face  C  O,  due  to 
the  height  of  the  surface  at  D  above  the  surface 
at  C.  Consiaering  .the  elementary  volume  of  water 
to  have  a  length  of  unity  up  and  down  stream,  the 
volume  of  the  element  is  y  dr,  its  weight  is  w  y  dr, 
and  its  mass  is  {w/g)y  dr.  The  excess  pressure 
on  the  face  D  H  is  w  y  dy.  From  mechanics  it  is 
known  that  centrifugal  force  =  m'P/r. 
Therefore", 

u>yV^dr 


or 
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dy  = 


=^  wydy 


V^dr 
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To  integrate  this  equation  the  value  of  the 
velocity  at  all  points  across  the  river  must  b«  stated 
in  terms  of  r.  Formulas  may  be  obtained  under 
a  variety  of  assumptions. 

.A  fairly  good  approximation  is  obtained  by  afi>- 
suming  V  constant  at  the  average  velocity,  and 
assuming  r  to  be  constant  at  the  value  for  the  cen- 
ter of  the  stream.    Then  the 
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Difference  in  elevation  of  the  two  banks  =  — ^ .  (122) 

This  will  always  give  too  small  a  value  due  to  the  fact  that  the 
effect  of  the  filaments  with  the  higher  velocities  more  than  offsets  the 
effect  of  the  slower  filaments,  since  the  velocity  enters  to  the  second 
power  in  the  formula. 

If  the  actual  velocity  distribution  across  the  stream  is  known,  the 
width  may  be  divided  into  several  sections,  the  difference  in  surface 
elevation  computed  for  each  section  using  its  appropriate  velocity 
and  radius,  and  the  total  difference  found  as  the  sum  of  the  differ- 
ences for  the  separate  sections. 

If  y  is  assumed  constant  while  r  is  variable,  the  differential  equa- 
tion integrates  into: 

Total  difference  in  surface  elevation  =  —  log.  — .  (123) 

g         Ti 

If  the  angular  velocity  of  the  water  is  constant,  as  in  a  closed 
•whirling  vessel  containing  water, 

"F  =  fcr  and 
Total  difference  in  surface  elevation  =  ^  (rj*  —  ri*).       (124) 

If  the  velocity  of  the  water  varies  inversely  as  r,  a  distribution  of 
velocities  which  has  received  among  mathematicians  the  name  of 
vortex  motion,  V  =  P/r,  then: 

P*  /  1        1  \ 
Total  difference  in  surface  elevation  =  jr-  {  — i =  ) .     (125) 

If  the  velocity  is  zero  at  each  bank  and  has  a  maximum  value  Vm 
at  the  center,  varying  in  between  according  to  a  parabolic  curve : 
Total  difference  in  surface  elevation  = 

The  numerical  value  of  the  transverse  slope  may  be  illustrated  by 
taking  the  most  extreme  case  that  will  be  approached  in  the  improved 
channel  in  the  upper  part  of  Dayton  during  the  occurrence  of  an 
extreme  flood. 

Using  as  data,  6  =  600  feet,  £  =  1300  feet,  area  of  cross  section 
=  12,500  square  feet,  maximum  discharge  =  110,000  second  feet;  the 
average  velocity  will  be  8.8  feet  per  second ;  and  on  the  assumption  of 
a  parabolic  distribution,  F„|  =  13.2  feet  per  second. 
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Formula  (122)  then  gives  as  the  diflference  of  the  elevation  at  the 
two  banks  1.12  feet. 

If  the  total  width  is  then  divided  into  six  sections^  each  100  feet 
wide,  and  there  are  used  the  appropriate  radius  for  the  center  of  the 
section  and  the  corresponding  velocity  according  to  the  parabolic 
law,  the  following  differences  will  be  obtained  for  the  six  sections 
beginning  at  the  one  on  the  inner  bank  of  the  curve  .05,  .27,  .41,  .38, 
.21,  and  .03,  or  a  total  difference  of  1.35  feet.  This  result  is  20  per 
cent  greater  than  the  approximate  result  given  above. 

If  formula  (126)  is  used  the  result  obtained  is  1.31  feet,  about  17 
per  cent  greater  than  the  first  approximate  result  above. 

On  figure  105  are  shown  the  differences  of  elevation  of  the  two 
sides  of  the  river  as  computed  for  the  conditions  existing  at  the  time 
the  measurements  were  taken  in  February  1916.  Considering  the  dif- 
ficulties of  measurement  of  the  elevation  of  the  water  surface,  and 
the  determination  of  the  radii  of  curvature,  the  observed  and  com- 
puted results  are  in  reasonable  agreement. 

Irregularities  in  Banks 

The  banks  of  an  improved  channel  should  not  only  be  smooth  in 
the  ordinary  sense  but,  so  far  as  feasible,  should  be  free  from  angles 
or  irregularities  of  a  larger  size.  Such  irregularities  are  in  effect 
roughness  on  a  larger  scale.  An*gles  or  sudden  changes  in  shape  or 
curvature,  in  surfaces  otherwise  smooth,  are  open  to  the  objections 
previously  urged  to  changes  of  cross  section  and  bends,  even  though 
the  irregularities  are  of  so  limited  an  extent  as  to  affect  only  a  por- 
tion of  a  stream. 

Shape  of  Cross  Section 

A  modified  trapezoidal  shape  as  shown  in  figure  108  is  probably 
best  for  the  cross  section  of  an  improved  channel  several  hundred 
feet  wide.  It  should  have  a  central  level  bottom  portion  C  D  rela- 
tively narrow  and  following  a  uniform  longitudinal  gradient.     Such 


FIG.  108.— TYPE  OF  CHANNEL  CROSS  SECTION  ADOPTED  BY  MIAMI 
CONSERVANCY  DISTRICT  IN  BENDS  OF  RIVERS. 

The  low  portion  CD  is  located  in  the  exact  center  of  the  section  where  the 
river  is  straight,  and  nearer  the  outer  bank  where  the  channel  is  curved,  conform 
ing  approximately  to  the  natural  location  of  the  deepest  part  of  the  channel. 

18 
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a  shape  provides  satisfactorily  for  both  low  water  and  flood  flow.  The 
portion  C  D  should  not  always  be  in  the  exact  center  of  the  whole  sec- 
tion, but  around  bends  should  be  located  where  the  deepest  part  of  a 
channel  naturally  occurs.  This  will  conduce  to  satisfactory  main- 
tenance and  permanence. 

If  at  any  point  the  width  A  F  must  necessarily  be  reduced 
slightly,  the  constant  area  of  cross  section  may  be  preserved  by 
widening  the  portion  C  D.  Changes  of  shape,  if  made  gradually,  and 
if  they  do  not  change  the  area  of  cross  section,  are  not  highly  ob- 
jectionable. 

Bridges 

Under  the  best  of  circumstances  bridges  with  channel  piers  must 
be  somewhat  of  an  obstruction  to  the  maximum  flow  in  a  channel ;  but 
by  careful  arrangement  it  is  possible  to  reduce  by  a  considerable  ex- 
tent the  amount  of  the  obstructive  effect.  The  retarding  effect  of  the 
piers  is  due :  (a)  to  their  reducing  the  cross  section  of  the  water  way ; 
(6)  to  the  increased  friction  on  the  additional  area  in  contact  with 
the  moving  water  along  the  ends  and  sides  of  the  piers;  (c)  to  the 
loss  of  energy  in  impact  of  the  stream  against  relatively  quiet  water 
at  the  ends  of  the  piers  and,  in  arch  bridges,  against  the  lower  por- 
tion of  the  arch  ring  and  spandrel  walls ;  (d)  to  the  disturbances  of 
flow  produced  by  the  obliquity  of  the  piers  when  their  length  is  not 
parallel  to  the  direction  of  flow  of  the  stream. 

During  heavy  floods  a  river  channel  is  generally  scoured  around 
bridge  piers  by  the  high  velocities  produced  in  the  reduced  cross  sec- 
tion. This  suggests  that,  in  an  improved  channel,  the  net  area  under 
bridges  should  be  made  to  approach  the  area  of  the  cross  section  of 
the  channel  at  other  points  as  nearly  as  possible.  In  the  case  of  an 
improved  channel  having  the  shape  of  cross  section  shown  in  figure 
108,  the  area  at  the  bridge  can  be  increased  by  widening  the  central 
level  portion  CD  even  to  nearly  the  whole  width  of  the  bottom  BE,  if 
necessary.  Some  sort  of  transition  then  becomes  necessary  from  the 
standard  cross  section  of  the  channel  to  the  cross  section  at  the  bridge. 

When  the  net  cross  section  at  a  bridge  is  less  than  in  the  channel 
at  other  points,  the  increased  velocity  of  flow  through  the  diminished 
cross  section  can  be  obtained  only  at  the  expense  of  head.  The  head 
required  equals  the  increase  in  velocity  head  of  the  moving  stream 
corresponding  to  the  increase  of  velocity  through  the  bridge.  This 
head  manifests  itself  as  a  sudden  drop  in  the  elevation  of  the  water 
surface  as  the  water  enters  the  bridge.  The  head  is  obtained  by 
backing  up  the  water  above  the  bridge  until  it  is  high  enough  to  fur- 
nish the  additional  velocity  needed. 
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Observations  of  the  water  flowing  at  the  time  of  floods,  and  of  the 
scour  produced  by  bridges  at  time  of  floods,  seems  to  show  that  the 
increase  of  velocity  takes  place  in  a  relatively  short  space  just  above 
the  bridge ;  while  below  the  bridge  the  water  loses  its  increasetl  veloc- 
ity only  slowly,  and  hence  the  scour  often  shows  for  some  distance 
down  stream. 

This  indicates  that  a  transitional  channel,  from  the  standard  cross 
section  to  the  bridge  cross  section,  should  not  extend  more  than  50 
feet  upstream  from  the  bridge  at  the  point  where  the  change  is  great- 
est, nor  more  than  200  feet  downstream  from  the  bridge.  These  dis- 
tances should  be  tapered  gradually  to  zero  at  the  points  where  the 
bottom  elevation  is  not  changed. 

Sometimes  it  is  possible  to  have  the  width  between  abutments  at 
maximum  high  water  level  greater  than  the  width  of  the  standard 
channel.  But  it  would  certainly  not  be  profitable  to  try  to  compen- 
sate for  the  area  of  numerous  bridge  piers  by  lengthening  a  bridge 
and  putting  abrupt  curves  into  the  banks,  to  widen  them  out  near  the 
bridge  so  as  to  preserve  the  same  clear  width  of  water  way  through 
the  bridge  as  at  other  points  in  the  channel.  The  most  that  it  would 
ever  be  vnse  to  do  in  this  line  would  be  to  curve  each  bank,  as  it  ap- 
proaches an  abutment,  away  from  the  channel  by  a  distance  not 
greater  than  the  width  of  one  pier,  and  to  set  the  abutments  back 
from  the  standard  channel  line  by  a  distance  not  greater  thton  the 
thickness  of  one  pier.  In  computing  the  area  through  a  bridge,  pierF 
of  cellular  or  columnar  construction  should  be  treated  as  though  they 
were  solid  within  the  straight  tangent  lines  bounding  and  enclosing 
them. 

To  reduce  the  surface  friction,  pier  surfaces  should  be  as  smooth 
as  possible,  with  no  sharp  or  re-entrant  angles,  and  with  easy  entrance 
and  exit.  As  flowing  water  approaches  the  upstream  nose  of  a  bridge 
pier,  a  roll  or  local  rise  of  the  water  surface  always  occurs.  This 
shows  that  there  exists  a  local  area  in  which  there  is  slowing  up  of 
the  velocity  of  the  water.  Such  a  surface  rise  is  necessary  in  order  to 
produce  the  pressure  to  deflect  the  water  away  from  the  piers  and^ 
into  the  openings.  This  lateral  motion  tends  to  produce  a  contraction 
loss  if  there  is  a  sharp  comer  at  the  upstream  ends  of  the  parallel 
sides  of  the  piers.  Hence  the  upstream  noses  of  the  piers  should  be 
semi-circular  or  elliptical  rather  than  square  or  triangular. 

In  taking  up  the  impact  losses  due  to  piers,  it  is  necessary  to  con- 
sider separately  the  conditions  at  the  upstream  and  at  the  downstream 
ends  of  the  piers.  The  water  which  approaches  the  upstream  end  of 
a  pier,  and  which  would  strike  the  pier  unless  it  were  deflected  from 
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its  straight  course,  suffers  a  slight  loss  of  energy  through  impact  in 
having  its  velocity  reduced  as  it  enters  the  area  of  local  surface  ele- 
vation just  above  the  nose  of  the  pier.  This  loss  is  relatively  unim- 
portant both  because  the  quantity  of  water  concerned  is  only  a  small 
fraction  of  the  whole  stream,  and  because  the  water  affected  has  its 
velocity  reduced  by  only  a  small  amount.  The  main  body  of  the 
stream  suffers  no  loss  of  energy  in  having  its  velocity  accelerated  as  it 
enters  the  span  openings  because  such  a  change,  as  already  explained 
in  discussing  variation  in  area  of  cross  section,  is  not  one  which  leads 
ordinarily  to  any  loss  by  conversion  of  energy  into  heat  through  fric- 
tion or  impact. 

At  the  downstream  end  of  each  pier,  or,  as  it  might  "be  called,  in 
the  lee  of  each  pier,  there  is  always  a  considerable  body  of  water 
which  is  relatively  quiet  and  stationary.  This  water  includes  irregu- 
larly distributed,  turbulent  boils  and  moves  with  uncertain  and  halt- 
ing motion  upstream  towards  the  pier.  At  the  end  of  the  pier  the 
water  moving  rapidly  through  the  bridge  along  the  sides  of  the  pier 
comes  into  surface  contact  with  this  relatively  quiet  water,  and  imme- 
diately commences  to  mix  with  it.     The  mixing  causes  eddies  and 
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FIG.  109.— PLAN  OF  BRIDGE  PIER  ILLUSTRATING  STANDARD  SHAPE 
ADOPTED  BY  MIAMI  CONSERVANCY   DISTRICT. 


boils  of  a  turbulent  type.  It  may  be  compared  to  the  mixing  of  the 
rapidly  issuing  smoke  from  the  top  of  a  tall  chimney  or  from  a  loco- 
motive smoke  stack  with  the  surrounding  air;  the  detached  whirling 
masses  of  smoke  are  plainly  visible,  and  are  analogous  to  the  eddies 
below  a  pier.  In  such  mixing  there  is  inevitably  a  large  loss  of  en- 
ergy through  impact.  The  mass  of  stagnant  water  has  a  roughly 
triangular  shape  gradually  becoming  narrower  as  the  distance  from 
the  pier  increases.  The  impact  loss  continues  downstream  as  far  as 
the  stagnant  water  reaches,  and  until  the  water  throughout  the  whole 
cross  section  of  the  river  is  again  moving  with  a  uniform,  regularly 
distributed  velocity.  The  amount  of  the  impact  loss  apparently  de- 
pends upon  the  size  of  the  stagnant  water  segments,  and  any  reduc- 
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tion  of  this  size  would  reduce  the  impact  loss.  If  a  smooth  solid  tail 
could  be  attached  to  each  pier  reaching  down  stream  far  enough  to 
prevent  the  formation  of  any  stagnant  water  mass,  the  impact  loss 
would  become  negligible.  We  should  then  have  secured  an  ideal 
gradual  enlargement  of  the  cross  section.  It  is  wise,  therefore,  to 
approximate  this  shape  in  pier  construction  so  far  as  practicable.  In 
most  cases,  a  rather  flat  elliptical  section  may  be  obtained.  Figure 
109  shows  the  standard  shape  of  pier  adopted  for  use  by  the  Miami 
Conservancy  District. 

Where  sharp  comers  at  the  upstream  ends  of  the  piers  cause  any 
perceptible  contraction  effect,  then  all  the  above  described  phenomena 
of  dead  water  space,  eddies,  boiling,  and  whirlpools,  with  the  corre- 
sponding impact  losses  will  exist  in  the  lee  of  each  such  sharp  comer. 

When  a  bridge  crosses  a  stream  on  a  skew,  and  the  piers  are  set  at 
such  an  angle  that  their  length  is  not  parallel  to  the  natural  direction 
of  flow,  as  illustrated  in  figure  110,  the  piers  act  as  a  greater  obstruc- 
tion than  they  would  if  set  parallel  to  the  natural  direction  of  flow 
of  the  stream.  No  experiments  are  available  to  furnish  data  as  to  the 
proper  method  of  computing  the  obstructive  effect  of  such  oblique 
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PIG.  110.— OONDITIONS  OP  PLOW  WHERE  BRIDGE  PIERS  ARE  BUILT 

AT  AN  ANGLE  WITH  THE  CURRENT. 


piers.  Undoubtedly,  the  piers  deflect  the  moving  water  to  some  ex- 
tent, so  that  the  effective  span  opening  is  greater  than  C  D,  figure  110, 
but  it  is  equally  certain  that  the  effective  opening  is  less  than  the  width 
BE,  Probably,  for  purposes  of  calculation,  as  reasonable  a  pro- 
cedure as  any  is  to  use  the  average  ot  C  D  and  B  E  as  the  effective 
span  width.  This  is  equivalent  to  using  as  the  thickness  of  a  pier  the 
average  of  A  B  and  A  C. 

The  ideal  entrance  to  a  bridge  opening  would  be  funnel-shaped. 
This,  however,  it  would  be  wholly  impracticable  to  provide  in  the 
case  of  an  arch  bridge.    In  a  truss  or  girder  bridge,  the  obstruction 
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to  flow  consists  only  of  the  piers  and  abutments  which  may  be  so 
shaped  as  to  give  the  funnel-shaped  opening.  This  is  also  true  of  an 
arch  bridge  in  which  the  springing  line  is  above  high  water  levpl. 
In  an  arch  bridge,  of  which  the  springing  line  is  low,  a  large  surface 
of  the  bridge  structure  is  exposed  to  the  current,  and  if  the  cross  sec- 
tion through  the  bridge  is  enlarged  by  widening  the  standard  narrow 
channel  floor,  the  cross  section  above  the  face  of  the  bridge  is  neces- 
sarily enlarged  above  the  normal.  The  eflPect  is  therefore,  first,  an 
enlargement  of  the  channel  as  it  approaches  the  bridge;  second,  a 
sudden  contraction  at  the  upstream  face  of  the  bridge;  third,  a  sud- 
den enlargement  at  the  downstream  face  of  the  bfidge;  and  finally, 
a  gradual  contraction  below  the  bridge  to  the  normal  channel  cross 
section. 

If  it  were  possible  to  make  the  cross  section  of  the  approaching 
channel  equal  in  area  to  that  of  the  bridge  opening,  and  the  channel 
and  bridge  so  shaped  that  the  river  flow  could  be  led  to  the  bridge 
opening  without  meeting  the  resistance  of  piers,  arch  ring,  and  span- 
drel walls,  no  head  would  be  lost  at  the  face  of  the  bridge.  This, 
however,  is  not  the  case,  for  not  only  does  the  bridge  masonry  present 
a  large  surface  against  the  current  and  a  different  area  of  cross  sec- 
tion, but  the  area  of  the  bridge  opening  is  very  differently  distributed 
from  that  of  the  standard  channel.  In  the  case  of  a  channel  of 
straight  alignment,  the  area  of  cross  section  per  unit  of  width  in- 
creases from  the  sides  to  the  center,  while  with  a  curved  channel  the 
maximum  area  per  unit  of  width  is  at  some  point  near  the  outside  of 
the  curve.  The  area  of  the  openings  of  the  different  spans  is  usually 
about  the  same  for  all  the  spans.  It  is  not  probable  that  the  flow  in 
the  deeper  portion  of  the  approaching  channel  can  be  readily  forced 
over  to  a  side  span  of  the  bridge.  For  this  reason,  if  the  arda  of 
bridge  opening  is  distributed  very  differently  from  that  of  the  chan- 
nel at  the  bridge,  the  transition  in  the  approach  channel  should  not 
be  made  in  too  short  a  length. 

It  is  not  altogether  clear  what  the  effect  has  been  in  the  attempt  of 
the  river  to  scour  out  a  large  waterway  under  the  bridges  at  the  time 
of  the  flood.  In  some  cases,  a  considerable  scour  took  place,  while  at 
others  there  is  not  a  definite  record  left  of  the  scour.  As  might  be 
expected,  the  evidence  of  erosion  is  more  pronounced  below  the  bridges 
than  above,  but  some  indication  is  given  of  the  distance  above  the 
bridges  that  the  channel  was  affected.  At  the  Big  Four  bridge  below 
Miamisburg,  where  the  entire  river  fiow  was  confined  to  the  bridge 
opening,  the  bed  was  scoured  to  a  depth  at  least  7  feet  below  the  pre- 
vious elevation  of  the  bed  downstream  from  the  bridge,  and  this  scour 
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extended  to  a  distance  of  more  than  500  feet  above  the  bridge.  At  the 
High-Main  Street  bridge  at  Hamilton,  the  depression  extended  for  at 
least  100  feet  aboye  the  bridge.  At  the  Dayton  View  bridge  in  Day- 
ton,  the  scour  is  indicated  for  a  distance  of  from  100  to  200  feet  above 
the  bridge.  Apparently  a  depression  was  scoured  in  the  bed  above 
the  Troy  bridges  for  one  hundred  or  more  feet.  The  he'd  above  the 
Pennsylvania  Railroad  bridge  at  Piqua  was  scoured  out  for  several 
hundred  feet  above  the  bridge.  This  case  is  complicated,  however,  by 
the  effect  of  the  sharp  bend  in  the  river  at  that  point. 

The  records  left  by  the  flood  are  not  suflSciently  definite,  or  uni- 
form, or  free  from  complications  to  permit  of  a  free  determination  of 
the  approach  channel  made  by  the  river  itself.  As  a  guide  to  the 
shape  of  the  cross  section  of  the  approach  channel,  it  may  be  said  that 
any  section  of  the  channel  directly  above  any  span  of  an  arch  bridge 
should  have  an  area  at  least  equal  to  the  cross  sectional  area  of  such 
span  opening.  If  this  is  obtained  there  will  be  required  no  deflection 
of  the  stream  necessary  beyond  the  limits  of  any  one  span. 

Sloi^ 

The  effective  slope  of  a  channel  in  carrying  flood  flow  is  not  the 
slope  of  the  bottom  of  the  channel,  but  the  slope  of  the  water  surface. 
If  frequent  changes  are  made  in  the  bottom  grade  they  will  not  be 
followed  closely  by  the  slope  of  the  water  surface,  and  hence  cannot 
be  relied  upon  in  calculating  maximum  discharging  capacity.  In 
the  interest  of  simplicity,  and  for  the  purpose  of  securing  the  highest 
degree  of  natural  maintenance  of  the  channel  during  ordinary  low 
water  conditions,  the  slope  of  the  bottom  of  the  channel  should  be 
kept  as  uniform  as  possible. 

Allowable  Velocities 

An  important  factor  entering  into  the  design  of  the  channel  im- 
provements was  the  maximum  velocity  which  could  be  safely  allowed 
in  the  channels.  Because  of  the  high  cost  of  acquiring  land  for  right 
of  way  along  the  banks  of  the  rivers  through  the  cities,  it  was  d€l- 
sirable  to  limit  the  cross  section  by  using  high  velocities.  Moreover, 
to  secure  larger  openings  at  existing  bridges  required  that  the  bottom 
be  excavated  between  the  piers.  If  considerable  enlargement  at  the 
bridges  should  be  required,  underpinning  of  the  piers  might  be  nec- 
essary, a  very  expensive  operation. 

To  determine  the  maximum  safe  velocities  for  the  improved  chan- 
nels, a  number  of  investigations  were  made.    These  may  be  divided 
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into  three  classes:  (a)  Results  of  observations  on  the  1913  flood;  \^b; 
Results  of  current  meter  measurements;  (c)  Miami  River  cut-oflf 
channel  observations.  The  results  of  these  observations  are  given  in 
table  XVIII  of  the  Appendix. 

The  methods  of  determining  the  discharges  during  the  1913  flood, 
from  which  velocities  were  computed,  are  given  in  detail  in  another 
of  the  Technical  R-eports,*  and  will  therefore  not  be  repeated  here. 
While  evidence  of  scour  was  apparent  at  but  a  few  of  these  bridges, 
it  is  possible  that  during  the  period  of  maximum  velocities  some  scour 
of  the  bed  may  have  occurred,  which  was  filled  again  by  the  lower 
velocities  during  the  latter  part  of  the  flood.  ^  The  measurements  of 
the  second  class  were  made  with  a  current  meter,  their  primary  pur- 
pose being  the  determination  of  discharges  at  high  stages  of  the  river. 
The  observations  on  the  Miami  River  cut-oflP  are  described  fully  in 
Part  IV,  of  the  Technical  Reports.  There,  also,  velocities  were  de- 
termined by  means  of  a  current  meter. 

While  the  evidence  is  somewhat  conflicting,  because  of  the  many 
variable  factors  which  enter  into  scouring,  it  appears  that  in  case  of 
coarse  gravel,  like  that  forming  the  bed  of  the  Miami  River,  if  the 
bridge  piers  are  of  good  design,  and  have  reasonably  deep  foundar 
tions,  temporary  maximum  velocities  of  10  feet  per  second  are  safe. 
Where  velocities  higher  than  this  were  found  necessary  in  the  flood 
control  plans,  the  foundations  are  protected  by  a  line  of  steel  sheet 
piling  across  the  river  just  below  the  piers.  The  estimated  maximum 
velocity  in  any  of  the  bridge  openings,  for  a  runoflf  forty  per  cent 
greater  than  that  of  March  1913,  is  13.2  feet  per  second  at  the  High- 
Main  Street  bridge  in  Hamilton. 

The  greatest  velocity  which  was  assumed  to  be  safe  in  a  straight 
channel  was  also  10  feet  per  second.  This  is  considerably  above  the 
velocity  which  caused  movement  in  the  Miami  River  cut-oflf.  The  con- 
ditions at  that  point  were  extremely  favorable  to  erosion,  however, 
and  the  results  are  hardly  applicable  to  the  conditions  existing  in  an 
improved  channel.  Where  the  mean  velocity  will  exceed  10  feet  per 
second,  the  sides  of  the  channel  are  paved  with  concrete  slabs,  and  the 
bottom  for  some  distance  out  from  the  bank  is  covered  with  a  flexible 
concrete  block  revetment.  Where  the  mean  velocity  exceeds  6  feet 
per  second  at  bends,  this  protection  also  is  placed  on  the  outside  bank. 

BACKWATER  CURVES 

In  the  design  of  the  channel  improvement  through  the  cities  a 
large  number  of  backwater  curves  were  worked  out  to  determine  the 

•  ralcnlatioTi  of  Flow  in  Open  Channels,  by  Ivan  "Fl.  Ho"^.  Technical  Ropo't'*, 
Part  TV;  The  Miami  ConFervancy  District,  Dayton,  Ohio,  1918. 
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flow  line  for  various  discharges  and  channel  conditions.  The  situa- 
tion at  some  of  the  cities  of  the  District,  however,  particularly  &t 
Hamilton,  was  unusual,  and  necessitated  the  use  of  a  slightly  dif- 
ferent form  of  computation  from  the  usual  one  for  backwater  curves. 
In  this  computation  the  velocity  head  at  the  various  sections  of  the 
stream  was  considered,  as  well  as  the  effect  of  friction. 

Under  ordinary  conditions  of  flow  in  channels,  when  the  velocity 
is  low  and  the  cross  section  is  nearly  uniform,  the  changes  of  velocity 
head  are  so  slight  that  they  may  be  safely  neglected.  With  high 
velocities,  however,  a  slight  change  in  cross  section  causes  relatively  a 
much  greater  change  of  velocity  head.  At  Hamilton  the  velocities  of 
flow  in  the  improved  channel  are  high  and  the  changes  of  cross  sec- 
tion considerable.  To  neglect  the  velocity  head  in  this  case  would 
give  rise  to  considerable  error.  This  has  been  pointed  out  by  I.  P. 
Church  in  the  Engineering  Record  of  August  9,  1913,  Vol.  68, 
page  168. 

Figure  111  shows  the  profiles  of  the  water  surface  for  a  flow  of 
200,000  second  feet  in  the  improved  channel:  (a)  with  velocity  head 
considered;  and  (b)  with  velocity  head  changes  neglected.  In  the 
lower  part  of  the  channel  the  cross  section  is  uniform  and  the  profiles 
are  identical.  Farther  up,  however,  changes  of  cross  section  occur 
and  the  profiles  diverge,  the  greatest  difference  (1.35  feet)  being  at 
the  upper  end,  where  water  enters  the  improved  channel.  Because  of 
the  large  cross  section  above  this  point,  the  water  flows  at  low  velocity 
and  to  increase  this  to  the  high  velocity  of  the  improved  channel  re- 
quires the  expenditure  of  considerable  head. 

In  tables  14  and  15  the  computations  for  the  two  profiles  are  given. 

While  the  method  of  computing  backwater  curves  is  familiar  to 
most  engineers,  in  order  to  furnish  a  guide  to  those  who  are  not 
acquainted  with  the  process,  as  well  as  to  illustrate  the  difference  be- 
tween the  two  forms,  the  computations  for  both  assumptions  are 
worked  out  in  detail. 

The  channel  is  divided  into  a  number  of  sections,  and  the  eleva- 
tions of  the  water  surface  at  the  end  of  each  of  the  sections  is  deter- 
mined with  the  use  of  Kutter's  formula,  by  a  cut  and  try  process, 
beginning  with  an  assumed  surface  elevation  at  the  lower  end  of  the 
section  farthest  downstream.  The  first  step  is  to  estimate  the  eleva- 
tion of  the  upper  end  of  this  section  or  the  slope  of  the  water  surface 
in  it.  The  discharge  which  would  take  place  in  the  section  is  then 
computed,  different  elevations  or  slopes  being  tried  until  the  dis- 
charge obtained  is  equal  to  the  flow  for  which  the  backwater  curve  is 
desired.    The  computations  may  conveniently  be  arranged  as  in  the 
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examples  given,  the  sequence  of  the  steps  being  the  same  as  the  ar- 
rangement of  columns  from  left  to  right.  Some  error  probably  will 
be  made  in  the  estimate  of  the  surface  elevation  at  the  lower  end  of 
the  channel,  but  as  the  computations  are  carried  further  upstream 
the  effect  of  this  error  becomes  less  and  less.  To  secure  an  accurate 
profile,  it  is  therefore  necessary  to  begin  some  distance  below  that 
portion  of  the  channel  for  which  accuracy  is  desired.  For  the  profiles 
at  Hamilton,  the  elevation  assumed  at  station  125  was  determined  by 
previous  calculations. 

In  the  computations  given,  the  hydraulic  radius  of  the  section  was 
assumed  to  be  the  mean  of  the  hydraulic  radii  of  the  two  end  cross 
sections.  Another  assumption  which  would  give  possibly  as  good 
results  is  that  the  hydraulic  radius  for  the  section  is  equal  to  thid 
mean  of  the  two  end  areas  divided  by  the  mean  of  the  wetted  perime- 
ters of  the  end  sections.  The  number  of  steps  in  the  computation  is 
the  same  for  either  of  these  assumptions. 

In  considering  the  changes  of  velocity  head  it  was  assumed  that 
in  no  case  could  the  decrease  in  velocity  head  cause  the  surface  to 
slope  upward  in  the  direction  of  flow.  In  sections  65-60  and  50-45, 
therefore,  where  the  change  in  velocity  head  is  more  than  sufficient  to 
overcome  friction,  the  surface  slope  was  assumed  to  be  zero. 

The  method  of  computing  the  drop  due  to  the  effect  of  the  bridge 
is  also  illustrated.  This  is  based  on  the  assumption  that  the  surface, 
as  the  water  enters  the  bridge  openings,  drops  to  the  elevation  of  that 
just  below  the  bridge,  and  the  heading  up  which  occurs  is  just  suf- 
ficient to  increase  the  velocity  of  the  water  approaching  the  bridge  to 
the  higher  velocity  which  exists  under  the  bridge,  and  to  overcome 
the  friction  through  the  bridge.  None  of  this  head  is  assumed  to  be 
recovered  as  the  velocity  of  the  water  is  again  reduced  in  the  section 
below  the  bridge.  It  is  believed  that  this  method  of  computation 
gives  results  which  are  amply  conservative. 


•  CHAPTER  XII.— BALANCING  THE  FLOOD 

PROTECTION  SYSTEM 

PRINCIPLES  AND  DATA 

The  term  balancing  as  applied  to  the  flood-control  system  of  the 
Miami  Conservancy  District  refers  to  the  simultaneous  adjustment 
of  the  heights  of  the  various  dams  and  the  amounts  of  channel  im- 
provements at  different  cities  for  the  purpose  of  securing  the  desired 
protection  at  minimum  cost.  In  the  preliminary  studies  for  the  sys- 
tem this  operation  was  carried  out  on  several  occasions,  each  time 
with  increasing  accuracy,  as  the  data  from  surveys  and  the  details  of 
the  design  of  the  dams  and  outlets  became  more  complete.  The  earlier 
balances  sufSced  to  eliminate  from  consideration  a  number  of  the 
numerous  basin  sites  which  were  investigated  at  the  beginning  of  the 
studies,  and  established  in  a  general  way  the  principal  dimensions  re- 
quired for  the  structures  of  the  remaining  basins.  Certain  of  the  pro- 
posed reservoirs,  however,  could  not  be  definitely  eliminated  until  a 
relatively  advanced  stage  in  the  design  had  been  reached,  while  a  con- 
siderable degree  of  uncertainty  as  to  the  economic  height  of  dam  to  be 
developed  at  the  Taylorsville  and  Huffman  sites  was  not  removed 
until  the  final  balance  for  the  entire  system  was  completed. 

The  method  used  was  largely  a  cut-and-try  process,  in  which  a 
large  number  of  different  possible  combinations  were  tried  out,  their 
cost  computed,  and  the  most  economical  combination  chosen.  Later 
a  graphical  method  was  developed  by  which  it  was  possible  to  proceed 
directly  to  the  most  economical  system  of  basins  and  channel  improve- 
ments. By  this  method  it  is  possible  to  determine  which  dams  to  use, 
the  height  and  size  of  each,  and  the  capacity  of  each  of  the  channels 
at  the  cities,  so  as  to  give  the  desired  degree  of  protection  ait  all  points 
with  a  minimum  total  cost. 

This  method  of  balancing  is  based  on  the  assumption  that  all  the 
factors  entering  into  the  design  of  the  system  can  be  evaluated  on  a 
dollars  and  cents  basis.  For  the  flood  prevention  works  themselves 
this  can  be  done  with  comparative  accuracy  since  it  is  largely  a 
matter  of  quantities  and  unit  costs.  For  some  of  the  other  factors,  as 
for  example,  the  purchase  of  right  of  way  or  of  town  sites,  the  ele- 
ment of  judgment  enters  to  a  large  extent;  while  the  importance  of 
opposition  to  the  flood  prevention  plan  and  the  extent  to  which  it  may 
be  advisable  to  go  to  mitigate  this  opposition  are  even  less  capable  of 
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exact  determination.  In  any  method  of  balancing,  however,  these 
factors  in  reality  are  considered,  and,  consciously  or  unconsciously, 
they  are  balanced  on  a  dollars  and  cents  basis.  The  balancing  method 
does  not  eliminate  the  necessity  for  engineering  judgment ;  it  is  essen- 
tially, as  its  name  implies,  a  method  of  balancing  the  various  factors 
after  their  relative  weights  have  been  determined,  dollars  and  cents 
being  the  unit  in  which  all  these  weights  are  expressed.  This  method 
enables  the  engineer  to  proceed  in  a  logical  way  to  a  result  which  he 
would  otherwise  attempt  to  reach  in  a  more  or  less  haphazard  fashion. 
One  of  the  principal  virtues  of  this  graphical  method  of  balancing 
is  the  aid  it  gives  one  in  grasping  the  complex  interrelation  of  the 
various  parts  of  a  retarding  basin  system.  These  relationships  are  so 
varied  and  involved  that  to  grasp  them  without  the  aid  of  a  method 
such  as  this,  is  an  exceedingly  difficult  undertaking.  By  means  of 
these  diagrams  the  important  relations  are  emphasized,  while  the  less 
important  ones  are  kept  in  the  background,  and  the  likelihood  of  plac- 
ing false  emphasis  upon  a  particular  relation  is  thus  greatly  lessened. 

GRAPHICAL    BALANCING    OF    THE    MIAMI     CONSERVANCY 

DISTRICT  SYSTEM 

As  the  purpose  of  this  chapter  is  to  explain  the  graphical  method 
of  balancing  a  retarding  basin  and  channel  improvement  system, 
rather  than  to  give  in  detail  its  application  to  the  Miami  Conservancy 
District  system,  only  those  retarding  basins  which  were  finally  selected 
will  be  considered,  and  the  method  by  which  others  were  eliminated 
will  be  briefly  indicated.  The  assumptions  of  degree  of  protection 
required  and  time  of  flood  peaks  will  be  the  same  as  those  used  in 
the  design  of  the  Miami  system.  For  instance,  the  retarding  basins 
will  be  assumed  to  have  inflows  of  9^  or  10  inches  as  previously  dis- 
cussed, while  the  runoflf  from  the  areas  below  the  basins  will  be  the 
same  as  used  in  the  preceding  chapter. 

LOCKINGTON  COST-OUTFLOW  CURVE 

The  method  of  attack  is  to  begin  with  the  improvement  furthest 
upstream,  in  this  case  the  Lockington  basin.  This  basin  affects  the 
flow  at  all  the  cities  below  it,  and  to  determine  its  size,  therefore,  re- 
quires that  its  effect  at  all  these  points  be  considered.  For  a  given 
inflow,  as,  for  example,  the  10  inches  in  3  days  adopted  for  this  basin, 
the  smaller  the  conduit  used,  the  smaller  will  be  the  outflow  rate,  and 
the  greater  will  be  the  volume  of  water  retained  in  the  basin.  To 
retain  a  larger  volume  of  water  would  increase  the  cost  of  the  basin. 
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since  it  would  not  only  flood  more  land  but  would  also  require  a 
higher  and  more  expensive  dam.  The  smaller  the  outflow  from  the 
basin,  therefore,  the  greater  will  be  its  cost.  Assuming  that  no  water 
is  allowed  to  escape  over  the  spillway,  we  may  construct  a  curve, 
figure  112,  showing  the  relation  between  the  maximum  rate  of  outflow 
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FIG.  112.— RELATION  BETWEEN  COST  AND  MAXIMUM  DISCHARGE 
CAPACITY  OF  LOCKINQTON  RETARDING  BASIN,  FOR  A  10-INCH 
STORM  RUNOFF  IN  3  DAYS. 


from  the  Lockington  Basin  for  this  10-inch  inflow  in  3  days  and  the 
total  cost  of  the  basin,  including  the  cost  of  the  dam,  outlets,  Spill- 
way, land  damages,  etc.  For  the  Official  Plan  flood,  if  no  dam  were 
built,  the  discharge  at  the  dam  site  would  be  140  per  cent  of  the  1913 
discharge,  or  36,000  second  feet.  The  curve,  therefore,  begins  where 
the  coordinates  represent  the  cost  as  zero  and  the  discharge  as  36,000 
second  feet. 

When  the  discharge  becomes  small,  several  factors  enter  to  make 
the  cost  increase  very  rapidly.  One  of  these  is  the  slow  emptying  of  a 
basin  with  small  conduits.  With  very  small  outflows  the  length  of 
time  necessary  for  a  basin  to  empty  is  very  great,  and  the  possibility 
of  another  storm  coming  before  the  basin  is  empty  requires  that  addi- 
tional storage  capacity  be  provided  to  cover  this  contingency.     This" 
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larger  capacity  would  also  be  required  in  the  case  of  floods  of  great 
duration.  It  has  already  been  shown  in  chapter  IV  that,  other  things 
being  equal,  basins  with  small  outflows  have  less  protection  against 
floods  of  great  duration  than  do  those  from  which  the  discharge  is 
large.  The  smaller  conduits  also  cause  greater  damage  to  the  land  in 
the  basin  from  flooding.  With  small  discharges,  not  only  is  the  area 
flooded  by  a  given  storm  greater,  but  both  the  frequency  and  duration 
of  flooding,  especially  in  the  lower  part  of  the  basin,  are  greatly  aug- 
mented. The  cost  of  measures  for  protecting  small  conduits  from 
clogging  also  increases  the  cost  of  basins  having  small  outflows.  For 
these  reasons  the  cost  of  a  basin  with  small  outflows  increases  very 
rapidly  as  the  capacity  of  the  outlets  is  decreased. 

COHBININO   LOCKINGTON    BASIN   WITH    PIQUA    AND    TROY 

IMPROVEMENTS 

The  second  step  in  the  balancing  process  is  to  combine  the  cost  of 
the  Lockington  dam  and  the  channel  improvements  at  Piqua  and 
Troy.  As  was  shown  in  the  preceding  chapter,  the  maximum  runoff 
rate  from  the  total  drainage  area  of  the  Miami  River  above  Piqua, 
except  that  portion  tributary  to  the  Lockington  basin,  for  the  Official 
Plan  flood,  would  be  80,800  second  feet.  At  Troy  it  would  be  98,000 
second  feet.  To  protect  these  cities  against  such  a  flood,  it  is  necessary 
to  provide  them  with  channels  of  sufficient  capacity  to  take  care  of 
these  discharges  and,  in  addition,  the  discharge  from  the  Lockington 
basin.  For  example,  if  the  Lockington  basin  were  built  to  discharge, 
at  maximum  stage,  20,000  second  feet,  a  channel  at  Piqua  of  81,000 
+  20,000=2  101,000  second  feet  capacity  would  need  to  be  provided, 
and  that  required  at  Troy  would  be  98,000  +  20,000  =  118,000  sec- 
ond feet  capacity.  Corresponding  to  each  discharge  from  the  Lock- 
ington basin  there  is,  therefore,  a  deflnite  channel  capacity  required 
at  Piqua  and  Troy,  entailing  a  certain  cost  for  channel  improvement 
at  these  places. 

A  curve  {A  B  in  figure  113)  can  therefore  be  constructed  giving, 
for  each  value  of  the  discharge  from  the  Lockington  basin,  the  com- 
bined cost  of  the  improvements  at  Piqua  and  Troy  which  are  neces- 
sary to  provide  channels  of  the  required  capacity.  As  stated,  when 
the  Lockington  discharge  is  20,000  second  feet,  the  channel  capacity 
required  is  101,000  second  feet  at  Piqua  and  118,000  at  Troy.  The 
cost  of  these  two  improvements  was  estimated  to  be  $830,000.  The 
curve  A  B  is  then  combined  with  the  Lockington  cost-outflow  curve 
C  D,  by  adding  the  ordinates  of  the  two  curves  for  each  value  of  the 
abscissa.    The  resulting  curve  E  F  represents  the  total  cost  of  the 
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Lockington  basin  and  the  channel  improvements  at  Piqua  and  Troy, 
for  various  discharges  from  the  Lockington  basin.  Using  the  pre- 
vious example,  if  the  Lockington  discharge  is  20,000  second  feet,  the 
cost  at  Piqua  and  Troy  would  be  $830,000  and  at  Lockington  $1,- 
210,000,  giving  a  total  combined  cost  of  $2,040,000. 

It  will  be  noticed  that  this  combined  cost  decreases  as  the  dis- 
charge from  the  Lockington  basin  increases,  and  becomes  least  when 
the  discharge  from  this  basin  is  36,000  second  feet.    This  discharge 
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Discharge. from  Lockington  Basin  in  Thousands  of  Second  Feet 

FIG.  113.— DETERMINING  THE  MOST  ECONOMICAL  COMBINATION 
OF  LOCKINGTON  RETARDING  BASIN  WITH  CHANNEL  IMPROVE- 
MENTS AT  PIQUA  AND  TROY,  FOR  VARIOUS  MAXIMUM  OUTLET 
CAPACITIES  AT  THE  DAM. 


would  occur  if  no  dam  at  all  were  built  at  Lockington,  and  it  is,  there- 
fore, evident  that,  if  only  Troy  and  Piqua  were  to  be  protected,  this 
could  most  cheaply  be  done  by  channel  improvement  without  the  aid 
of  the  Lockington  basin.  It  will  be  shown  later,  however,  that  be- 
cause this  basin,  while  assisting  in  the  protection  of  Piqua  and  Troy, 
also  reduces  the  flow  through  the  cities  below,  its  use  as  a  part  of  the 
whole  system  is  economical. 
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COMBININO  THE  LOCKIHGTON  AND  TAYLORSVILLE  BASINS 

The  next  step  is  to  combine  the  effect  of  the  Lockington  and  Tay- 
lorsville  basins.  With  a  given  maximum  discharge  through  the  Tay- 
lorsville  dam,  for  example  60,000  second  feet  in  the  OfScial  Plan  flood, 
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the  water  detained  in  the  retarding  basins  may  be  divided  between 
the  Lockington  and  Taylorsville  basins  in  varying  proportions.    If 
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the  Lockington  outflow  is  large^  with  a  relatively  small  storage  in  the 
Lockington  basin^  the  capacity  of  the  Taylorsville  basin  will  have  to 
be  correspondingly  increased,  requiring  a  correspondingly  high  and 
expensive  dam.  If,  on  the  contrary,  a  larger  amount  be  retained  at 
Lockington,  the  dam  at  Taylorsville  may  be  lower,  preserving  the 
same  maximum  discharge  through  its  outlet  conduits  by  enlarging 
their  dimensions.  The  latter  case  would  not  require  so  expensive  a 
dam  at  Taylorsville,  but  would  require  a  greater  expenditure  at  Lock* 
ington.  By  the  process  described  in  previous  chapters,  the  heights  of 
the  two  dams  required  in  each  of  these  cases  may  be  determined,  and 
the  cost  of  each  of  the  basins  may  then  be  estimated.  When  the  cost 
of  the  basin  at  Taylorsville  is  thus  determined  for  a  given  discharge 
at  maximum  stage  of  60,000  second  feet,  for  a  nilmber  of  different 
quantities  stored  at  Lockington,  a  curve  may  be  plotted  representing 
the  relation  between  the  cost  of  the  Taylorsville  basin  and  the  corre- 
sponding storage  which  is  necessary  at  Lockington.  For  each  quan- 
tity retained  with  the  10-inch  inflow  at  Lockington,  however,  there  is 
a  definite  maximum  outflow  rate  for  which  the  conduits  must  be  de- 
signed in  order  that  the  basin  may  retain  this  quantity  of  water.  A 
curve  may,  therefore,  be  constructed  showing  the  cost  of  the  Taylors- 
ville basin,  with  a  maximum  outflow  of  60,000  second  feet,  for  various 
maximum  discharges  from  the  Lockington  basin. 

Figure  114  shows  a  series  of  such  ''cost  of  Taylorsville-Lockington 
discharge"  curves,  for  maximum  discharges  at  Taylorsville  ranging 
from  45,000  to  90,000  second  feet.  In  all  cases  the  cost  of  the  Tay- 
lorsville basin  increases  as  the  discharge  from  the  Lockington  basin  is 
increased.  This  is  to  be  expected,  since  the  greater  the  discharge  at 
Lockington,  the  smaller  will  be  the  quantity  of  water  retained  there, 
and  the  greater  will  be  the  storage  and  cost  required  at  Taylorsville. 
For  the  smaller  discharges  from  Taylorsville,  the  cost  increases  rap- 
idly as  the  discharge  from  Lockington  is  increased.  This  is  caused  by 
the  rapid  increase  in  the  cost  of  the  Taylorsville  basin  for  height  of 
water  surface  above  818  on  account  of  the  objection  which  would  be 
met  in  Troy  to  flooding  above  this  elevation. 

THE  LOCKmGTON-PIQUA-TROY-TAYLORSVILLE  OR  L.  P.  T.  T. 

SYSTEM 

On  flgure  114,  in  addition  to  the  curves  showing  the  relation  be- 
tween the  cost  of  the  Taylorsville  basin  and  the  discharge  of  the  Lock- 
ington basin,  is  curve  E  F,  developed  in  figure  113,  showing  the  rela- 
tion of  the  combined  cost  of  the  Lockington  basin  and  the  channel 
improvements  at  Piqua  and  Troy  to  the  discharge  of  the  Lockington 
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basin.  By  combining  this  curve  E  F  with  the  curves  for  the  various 
discharges  of  the  Taylorsville  basin,  by  the  same  process  of  adding 
the  ordinates  as  used  in  figure  113,  a  series  of  curves  shown  in  figure 
115  is  obtained.  These  show  the  relation  of  the  total  cost  of  the  Lock- 
ington  and  Taylorsville  basins,  and  the  Piqua  and  Troy  channel  im- 
provements, to  various  discharges  from  the  Taylorsville  and  Locking- 
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Discharge  from  Lockington  Basin  in  Thousands  of  Second  Feet 

FIO.  115.— DETERMINING  THE  MOOT  ECONOMICAL  COMBINATION 
OP  LOCKINOTON  AND  TAYLORSVILLE  RETARDING  BASINS  WITH 
CHANNEL  IMPROVEMENTS  AT  PIQUA  AND  TROY,  FOR  VARIOUS  MAX- 
IMUM OUTLET  CAPACITIES  AT  THE  LOCKINGTON  AND  TAYLOR&- 
VIIiLE  DAMS. 
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ton  basins.  For  example,  figure  114  shows  that  if  the  mATimnm 
charge  from  the  Taylorsville  basin  is  60,000  second  feet,  and  that 
from  the  Lockington  basin  is  20,000  second  feet,  the  cost  of  the  Tay> 
lorsville  basin  would  be  $4,100,000 ;  and  curve  E  F  shows  that  for  the 
20,000  second  foot  discharge  from  Lockington,  the  cost  of  the  Lock- 
ington, Piqua,  and  Troy  improvements  is  $2,040,000.  The  combined 
cost  of  the  two  basins  and  two  channel  improvements  for  these  dis- 
charges is,  therefore,  $4,100,000 -f  $2,040,000  =  $6,140,000  as  shown 
in  figure  115.  For  brevity,  in  the  following  explanation,  the  combina- 
tion of  the  improvements  at  Lockington,  Piqua,  Troy,  and  Taylors- 
ville will  be  called  the  L.  P.  T.  T.  system.  Figure  115  shows  that  for 
each  discharge  from  the  Taylorsville  basin  there  is  a  discharge  from 
the  Lockington  basin  for  which  the  total  cost  of  the  four  improve- 
ments is  a  minimum.  These  discharges  at  Lockington  all  are  between 
7,000  and  10,000  second  feet,  which  shows  that  for  all  discharges  at 
Taylorsville  it  is  economical  to  have  a  high  dam  and  small  discharge 
at  Lockington. 

From  the  minimum  points  on  the  curves  of  figure  115  it  is  possible 
to  construct  a  curve  shown  in  figure  116  giving  the  minimum  cost  of 
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FIG.  116.— BELATION  BETWEEN  MINIMUM  COST  OF  L.  P.  T.  T.  SYSTEM 
AND  MAXIMUM  OUTLET  CAPACITY  AT  TAYLOBSVILLE  DAM. 


the  L.  P.  T.  T.  system  for  the  various  discharges  from  the  Taylors- 
ville basin.  Thus,  for  a  discharge  at  Taylorsville  of  60,000  second 
feet,  figure  115  shows  that  the  minimum  combined  cost  of  the  L.  P. 
T.  T.  system  would  be  about  $5,000,000,  and  in  figure  116  the  value 
of  $5,000,000  is  platted  at  the  abscissa  60,000  second  feet.    The  curve, 
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in  figare  116,  is  drawn  to  the  point  where  the  Taylorsville  discharge 
is  147,000  second  feet  (140  per  cent  of  the  1913  discharge),  which 
would  occur  when  the  height  of  both  Taylorsville  and  Lockington 
dams  is  zero.  The  total  <;ost  of  the  improvement  would  then  be  about 
$1,550,000,  the  cost  for  the  protection  of  Piqua  and  Troy  from  a 
storm  140  per  cent  as  large  as  that  of  1913,  by  channel  improvement 
alone. 


COMBINING  THE  IMPROVEMENTS  ABOVE  DAYTON 

The  next  step  in  the  balancing  process  is  to  combine  the  Huffman 
and  Englewood.  basins  with  the  L.  P.  T.  T.  system,  to  obtain  the  com- 
bination which  will  give  the  desired  reduction  of  flood  flow  at  Dayton 
and  below,  with  a  minimum  cost.  The  discharge  at  Dayton  for  a 
flood  140  per  cent  as  large  as  that  of  March  1913  would  be  350,000 
second  feet.  Allowing  12,000  second  feet  for  the  runoff  from  the 
drainage  area  between  the  city  and  the  dams,  and  dividing  the  re- 
maining 338,000  second  feet  between  the  basins  in  proportion  to  their 
actual  1913  discharges,  gives  the  discharges  effective  at  Dayton  for 
the  various  damsites  in  a  flood  40  per  cent  larger  than  that  of  1913  as 

Recfucfion  of  Flow  at  Dayton  in  Tfjousands  ofSec.Feet 

tiuffman  Basin 
90      SO       70      60      50      40     30      20       10        0 


100     30       80 


Engle¥ifood  Basin 
70       60       SO      40      30 


20       /O 


80    90    m 

Discharge  from  Basins  in  Thousands  of  Second  Feet 

PIG.  117.— RELATION  BETV7EEN  COST  AND  MAXIMUM  DISCHARGE 
CAPACITIES  OP  THE  HUFFMAN  AND  ENGLEWOOD  RETARDING 
BASINS  FOR  A  l-O-INCH  STORM  RUNOFF  IN  3  DAYS. 

This  diagram  is  essentially  similar  to  that  for  the  Lockington  basin  in  figure 
112,  but  in  addition  indicates  the  amount  by  which  the  maximum  river  discharge  at 
Dayton,  in  the  assumed  Official  Plan  fiood,  will  be  reduced  by  each  basin  for 
different  outlet  capacities. 
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follows :  Taylorsville  147,000  second  feet,  Huffman  91,000  second  feet, 
and  Englewood  100,000  second  feet.  For  the  Englewood  and  Huff- 
man basins  cost-discharge  curves  (figure  117)  are  plotted  similar  to 
that  for  the  Lockington  basin  (figure  112). 

While  these  cost-discharge  curves  show  the  relation  between  the 
cost  of  the  basins  and  the  discharge  which  they  would  permit  to  flow 
through  Dayton,  they  also  show  the  relation  between  the  cost  of  the 
basins  and  the  reduction  which  they  would  cause  in  the  flow  at  Day- 
ton. For  example :  if  the  Englewood  basin  were  not  constructed,  the 
flow  at  Dayton  from  its  drainage  area  would  be  100,000  second  feet. 
If  it  were  built  so  that  its  discharge  was  40,000  second  feet,  the  reduc- 
tion which  it  would  cause  would  be  100,000  —  40,000  =  60,000  second 
feet,  indicated  at  top  of  figure  117.  These  cost-outflow  curves  may 
also,  therefore,  be  interpreted  as  cost-reduction  curves,  by  considering 
the  origin  to  be  at  the  discharge  corresponding  to  dams  of  zero  height 
or  basins  o{  zero  cost,  and  the  magnitude  of  the  reduction  to  be  repre- 
sented by  the  distance  from  this  point  measured  to  the  left,  as  shown 
by  the  two  upper  coordinate  scales. 

Figure  118  shows  the  effect  of  the  operation  of  these  basins  on  the 
Dayton  discharge.  If  no  basins  were  built,  the  discharge  through  the 
city  would  be  350,000  second  feet,  and  the  cost  of  the  improvements 
above  would  be  the  $1,550,000  required  for  the  protection  of  Piqua 
and  Troy  by  channel  improvement.  Suppose  it  is  desired  to  reduce 
the  discharge  at  Dayton  50,000  second  feet,  or  to  300,000  second  feet, 
at  the  same  time  protecting  Piqua  and  Troy.  This  might  be  done  by 
building  the  channel  improvements  at  Piqua  and  Troy  and  reducing 
the  flow  at  Dayton  50,000  second  feet  by  building  the  Huffman  dam. 
The  cost  of  the  Piqua  and  Troy  improvements  would  be  $1,550,000 
and  to  build  the  Huffman  basin  with  sufficient  capacity  to  reduce  the 
flow  at  Dayton  50,000  second  feet,  is  shown  by  the  cost-reductiosn 
curve  of  this  basin  (figure  117)  to  be  $4,250,000.  The  total  cost  is 
therefore  $5,800,000.  The  total  cost  of  this  combination  for  any  de- 
sired reduction  at  Dayton  can  easily  be  determined  by  drawing  the 
cost-reduction  curve  for  the  Huffman  basin  as  shown  in  figure  118 
with  its  origin  at  the  point  0,  the  ordinate  of  which  is  $1,550,000,  or 
the  cost  of  protecting  Piqua  and  Troy.  The  ordinate  of  any  point  on 
the  Huffman  curve  in  this  position  represents  the  combdned  cost  of 
these  improvements  for  the  reduction  of  flow  at  Dayton  represented 
by  the  abscissa  of  that  point.  For  a  reduction  of  flow  at  Dayton  of 
50,000  second  feet,  corresponding  to  an  actual  flow  of  300,000  second 
feet,  the  combined  cost  is  shown  by  this  curve  to  be  $5,800,000  as  pre- 
viously computed. 
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The  Englewood  basin  might  be  used  instead  of  the  Huffman.  Ap- 
plying its  cost-reduction  curve  in  the  same  manner  as  that  of  the 
Huffman  basin,  the  combined  cost  is  shown  in  figure  118  to  be  $3,- 
930,000,  or  $1,870,000  less  than  with  the  Huffman  basin.     A  still 
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cheaper  method  is  to  use  the  L.  P.  T.  T.  system,  as  represented  by  the 
curve  0  AC  D  E.  This  curve  is  made  to  start  from  the  same  point  0, 
since  the  Piqua  and  Troy  improvements  are  included  in  the  cost  of 
the  system  at  this  point.  The  protection  of  Piqua  and  Troy  and  a 
reduction  at  Dayton  of  50,000  second  feet  by  this  system  is  shown  by 
the  curve  to  be  $2,850,000. 

If  it  were  desired  to  reduce  the  flow  at  Dayton  90,000  second  feet, 
or  to  a  discharge  of  260,000  second  feet,  it  is  seen  from  figure  118 
that  the  cost  of  the  L.  P.  T.  T.  system  would  be  $5,300,000 ;  while  to 
build  the  Piqua  and  Troy  channel  improvements  and  reduce  the  flow 
at  Dayton  to  260,000  second  feet  by  means  of  the  Englewood  basin 
would  cost  the  same  amount.  The  cost  of  using  the  Huffman  dam 
instead  of  the  Englewood  is  shown  to  be  prohibitive.  For  a  flow  of 
262,000  second  feet  at  Dayton  the  channel  improvements  at  Piqua 
and  Troy,  combined  with  the  Englewood  basin,  would  be  slightly 
cheaper  than  the  L.  P.  T.  T.  system,  while  for  a  discharge  of  258,000 
second  feet  the  reverse  would  be  the  case. 

Neither  the  L.  P.  T.  T.  system  alone  nor  the  Englewood  basin  with 
the  Piqua  and  Troy  channel  improvements  is  the  cheapest  method, 
however,  of  securing  the  protection  of  Piqua  and  Troy  and  a  reduc- 
tion of  the  flow  at  Dayton  to  260,000  second  feet.  For  example,  if 
the  L.  P.  T.  T.  system  were  built  so  that  it  would  give  protection  to 
Piqua  and  Troy  and  reduce  the  flow  at  Dayton  20,000  second  feet, 
figure  116  shows  that  the  cost  would  be  $1,900,000.  Figure  117  shows 
that  the  cost  of  reducing  the  flow  at  Dayton  70,000  second  feet  by  the 
Englewood  basin  would  be  $3,000,000.  If  both  these  improvements 
were  built,  a  reduction  of  90,000  second  feet  in  the  flow  at  Dayton 
would  be  secured  at  a  cost  of  $1,900,000 +  $3,000,000 =$4,900,000, 
or  about  $400,000  less  than  the  cost  by  either  of  the  two  methods 
separately,  as  previously  discussed.  This  combination  is  illustrated 
graphically  by  placing  the  origin  of  the  Englewood  cost-reduction 
curve  at  point  A,  figure  118,  on  the  line  representing  the  L.  P.  T.  T. 
system,  which  point  indicates  a  reduction  by  that  system  of  the  flow 
at  Dayton  of  20,000  second  feet,  the  Englewood  curve  taking  the  posi- 
tion of  the  dashed  line  A  B.  The  additional  reduction  of  flow  at 
Dayton  of  70,000  second  feet  caused  by  the  Englewood  basin,  and 
represented  by  the  horizontal  distance  from  A  to  B,  is  thus  graphically 
added  to  the  20,000  second  foot  reduction  caused  by  the  L.  P.  T.  T. 
system,  while  the  cost  of  the  Englewood  basin  to  give  this  reduction 
($3,000,000),  represented  by  the  vertical  distance  between  A  and  B, 
is  also  graphically  added  to  the  cost  of  the  L.  P.  T.  T.  system.  The 
total  cost  of  this  combination  of  improvements  is,  therefore,  repre- 
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sented  by  the  ordinate  of  the  point  B,  while  the  abscissa  of  this  point 
represents  the  discharge  through  Dayton,  or,  measuring  to  the  left 
from  0,  represents  the  total  reduction  which  this  combination  would 
cause  in  the  flow  at  Dayton.  From  the  position  of  point  B,  the  cost 
for  this  reduction  of  90,000  second  feet  is  shown  to  be  $4,900,000  as 
determined  by  the  previous  method. 

The  minimum  cost,  however,  for  a  90,000  second  feet  reduction  in 
flow  at  Dayton  by  means  of  the  L.  P.  T.  T.  system  and  the  Englewood 
basin  is  not  necessarily  secured  by  combining  them  in  just  these  pro- 
portions. Possibly  a  reduction  of  40,000  second  feet  by  the  L.  P.  T.  T. 
system,  and  a  50,000  second  feet  from  the  Englewood  basin  would 
give  a  smaller  total  cost.  This  may  be  easily'  determined  by  moving 
the  origin  of  the  Englewood  cost-reduction  curve  to  the  point  on  the 
L.  P.  T.  T.  curve  representing  a  reduction  of  40,000  second  feet.  If 
the  ordinate  at  JB  is  less  than  in  the  previous  case,  then  this  combina- 
tion is  cheaper.  The  combination  which  will  give  the  90,000  second 
foot  reduction  at  a  minimum  cost  can  easily  be  found  by  moving  the 
origin  of  the  Englewood  curve  along  the  curve  of  the  L.  P.  T.  T.  sys- 
tem until  the  ordinate  at  B  reaches  a  minimum  value.  The  minimum 
points  may  be  found  for  other  reductions  in  the  same  manner  and  a 
minimum  cost-reduction  curve  drawn  for  the  combination  of  the  L,  P. 
T.  T.  system  and  the  Englewood  basin.  This  curve  0  A  C  D  F  O  will 
be  the  envelope  of  the  i^stem  of  curves  generated  by  moving  the 
Englewood  curve  along  that  of  the  L.  P.  T.  T.  system.  The  propor- 
tion of  the  reduction  which  each  basin  produces  in  this  minimum 
cost  combination  may  be  easily  determined  by  obtaining  the  position 
of  the  two  curves  which  generated  the  point  on  the  envelope  the  ab- 
scissa of  which  is  the  total  reduction.  Thus  for  a  reduction  of  90,000 
second  feet  at  Dayton,  the  point  on  the  envelope  is  obtained  by  plac- 
ing the  origin  of  the  Englewood  curve  at  the  point  on  the  L.  P.  T.  T, 
line  corresponding  to  40,000  second  feet  reduction.  This  shows  that 
the  minimum  cost  for  a  90,000  second  foot  reduction  is  secured  by 
building  the  L.  P.  T.  T.  system  to  reduce  the  flow  at  Dayton  40,000 
second  feet  and  the  Englewood  basin  in  such  a  manner  that  it  will 
reduce  the  flow  the  remaining  50,000  second  feet.  It  will  be  noticed 
that  for  reductions  of  80,000  second  feet,  or  less,  the  envelope  is  the 
same  as  the  L.  P.  T.  T.  curve,  indicating  that  the  cheapest  method  of 
securing  these  reductions  is  to  build  only  the  L.  P.  T.  T.  system. 

The  combination  of  the  Englewood  basin  and  the  L.  P.  T.  T.  sys- 
tem may  now  be  considered  as  a  unit  and  the  envelope  0  A  C  D  P  O 
may  be  combined  with  the  Huffman  curve  in  the  same  manner  as  the 
Englewood  curve  was  combined  with  that  of  the  L.  P.  T.  T.  system, 
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another  envelope,  ABCDE,  figure  119,  being  obtained  which  repre- 
sents the  minimum  cost  of  securing  the  various  reductions  of  flow  at 
Dayton  by  the  combination  of  all  these  improvements.  When  the 
curves  of  several  basins  are  combined  in  this  manner,  the  resulting 
envelope  or  curve  will  be  the  same,  regardless  of  the  order  in  which 
they  are  combined. 
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COMBINING  THE  CHANNEL  IMPROVEMENTS  FROM  DATTON 

TO  FRANBXm 

The  next  step  in  the  balancing  process  is  to  combine  the  cost  of 
channel  improvement  at  Dayton,  West  Carrollton,  Miamisburg,  and 
Franklin.  The  method  is  the  same  as  that  used  in  the  case  of  the  im- 
provement at  Piqua  and  Troy.  The  costs  at  these  four  cities  are  com- 
bined into  one  curve  as  follows :  Table  XVII  of  the  Appendix  shows 
that  for  a  discharge  at  Dayton,  above  Wolf  Creek,  of  110,800  second 
feet,  the  discharge  at  West  Carrollton  would  be  about  125,000  second 
feet,  at  Miamisburg  134,800,  and  at  Franklin  139,600.  The  cost  of 
the  improvement  at  each  of  these  points  for  these  discharges  is  totaled, 
giving  in  this  case  $2,475,000,  and  the  total  is  platted  on  curve  FOH, 
figure  119,  with  an  abscissa  of  110,800  second  feet,  the  discharge 
through  Dayton.  Similarly,  the  combined  cost  of  these  improvements 
is  computed  for  other  discharges  through  Dayton,  the  discharge  at 
the  other  cities  differing  from  the  Dayton  discharge  by  the  amount 
of  the  runoff  from  the  unreservoired  area  between,  which  is  a  constant 
for  each  city.  A  curve  F  O  H  is  thus  constructed  representing  the 
combined  cost  of  these  improvements  for  various  discharges  at  Dayton. 

COMBINING  ALL  IMPROVEMENTS  ABOVE  TWIN  CREEK 

Having  now  a  curve  representing  the  minimum  cost  of  the  im- 
provemients  above  Dayton  for  various  discharges  at  that  place,  and 
another  curve  showing  the  cost  of  the  channel  improvements  for  the 
four  cities  above  the  mouth  of  Twin  Creek  for  these  same  discharges 
at  Dayton,  it  is  a  simple  matter,  by  the  addition  of  the  ordinates  of 
these  two  curves  for  the  various  discharges,  to  obtain  the  curve  I  J  K, 
figure  119,  representing  the  cost  of  the  most  economical  method  of 
protecting  all  the  cities  above  the  mouth  of  Twin  Creek  for  the  dif- 
ferent discharges  at  Dayton.  This  curve  reaches  a  minimum  point  at 
Z,  representing  a  discharge  at  Dayton  of  111,000  second  feet.  If  no 
improvements  below  Franklin  were  contemplated,  the  desired  protec- 
tion to  the  cities  could  be  secured  by  constructing  the  retarding  basin 
system  so  that  the  discharge  through  Dayton  will  be  111,000  second 
feet.  The  discharge  at  West  Carrollton  would  then  be  about  125,200 
second  feet,  at  Miamisburg  133,000,  and  at  Franklin  139,800,  as 
previously  shown.  Since  improvements  below  Franklin  are  intended, 
it  does  not  necessarily  follow  that  the  system  thus  proportioned  will 
give  the  minimum  total  cost  for  the  entire  system,  and  it  is  necessary 
to  investigate  further  before  this  can  be  definitely  determined. 
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THE   RELATION   BETWEEN   THE   DISCHARGES   AT   DAYTON, 

GERMANTOWN,  AND  HAMILTON 

The  method  of  balancing  the  system  below  Franklin  is  somewhat 
complicated  by  the  location  of  the  Qermantown  basin,  and  the  effect 
of  the  peak  flows  from  Four  and  Seven  Mile  Creeks  which  empty  into 
the  Miami  River  just  above  Hamilton.  As  explained  in  the  previous 
chapter,  there  are  two  flood  peaks  at  Hamilton.  The  first  of  these 
comes  early  in  the  flood  and  is  due  to  the  runoff  from  the  area  below 
the  retarding  basins,  principally  from  Four  and  Seven  Mile  Creeks. 
When  the  discharge  from  this  area  is  greatest,  the  flow  through  Ham- 
ilton  from  the  retarding  basins  is  45  per  cent  of  their  maximum  dis- 
charge. The  second  peak  is  due  to  the  maximum  outflow  from  the 
basins,  and  comes  near  the  end  of  the  flood.  At  the  time  of  this  peak 
the  runoff  from  the  unreservoired  area  is  at  the  rate  of  84  second  feet 
per  square  mile.  For  the  plan  adopted  it  was  shown  in  the  previous 
chapter  that  at  Hamilton  the  first  of  these  peaks  was  the  largest.    We 
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FIG.  120.— DETBBMINING  THE  MOST  ECONOMIOAL  COMBINATION 
OF  QERMANTOWN  RETARDING  BASIN  WITH  ALL  OTHER  IMPROVE- 
MENTS ABOVE  MIDDLETOWN. 
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will  therefore  start  on  the  assumption  that  this  will  be  the  case  in  the 
system  determined  by  the  graphical  method. 

Table  XVII  of  the  Appendix  shows  that  for  the  Official  Plan  flood 
the  maximum  discharge  at  Hamilton  from  the  area  below  the  four  re- 
tarding basins  would  be  159,100  second  feet.  From  the  area  above 
the  Germantown  damsite,  if  no  dam  were  built,  we  would  expect  140 
per  cent  of  66,000  or  92,000  second  feet,  giving  a  total  from  the  area 
below  the  Englewood,  Taylorsville,  and  Huffman  dams  of  251,000 
second  feet.  In  the  previous  chapter  it  was  shown  that  for  this  flood 
the  runoff  from  the  unreservoired  area  above  Dayton,  at  the  time  the 
basins  were  discharging  their  maximum,  would  be  about  12,000  second 
feet.  With  a  discharge  through  Dayton  of  111,000  second  feet,  there- 
fore, the  discharge  from  the  basins  would  be  99,000  second  feet.  When 
the  unreservoired  area  above  Hamilton,  including  the  whole  Twin 
Creek  drainage  area,  is  discharging  251,000  second  feet,  however,  the 
discharge  at  Hamilton  due  to  the  basins  is  only  45  per  cent  of  their 
maximum  discharge,  or  0.45X99,000  =  44,600  second  feet.  A  com- 
bination of  the  basins  above  Dayton  which  would  cause  a  flow  through 
that  city  of  111,000  second  feet,  for  a  storm  40  per  cent  larger  than 
that  of  1913,  would  reduce  the  peak  flow  at  Hamilton  to  251,000 
+  44,600=295,600  second  feet.  Similarly,  the  discharge  at  Ham- 
ilton corresponding  to  100,000  second  feet  at  Dayton  would  be  251,000 
+  0.45(100,000  — 12,000)  =290,600  second  feet.  A  curve  A  B  C  in 
figure  120  can  therefore  be  constructed  showing  the  relation  between 
the  least  cost  of  the  improvements  above  Twin  Creek,  as  determined 
from  curve  I  J  K  in  figure  119,  and  the  corresponding  discharge 
which  would  result  at  Hamilton. 

THE  EFFECT  OF  THE  GERMANTOWN  BASIN 

To  investigate  the  effect  of  the  Qermantown  basin  it  is  necessary 
to  construct  a  curve  for  this  basin  showing  the  relation  between  its 
cost  and  the  reduction  in  flow  which  it  would  cause  at  Hamilton.  The 
shape  of  this  curve  is  also  influenced  by  the  effect  of  the  two  peaks. 
As  has  already  been  shown,  the  discharge  at  Germantown  without  the 
dam  would  be  92,000  second  feet.  If  we  build  the  dam  to  such  a 
height  that  its  maximum  discharge  is  10,000  second  feet,  the  flow  at 
the  damsite  would  be  reduced  92,000  — 10,000  =  82,000  second  feet. 
While  the  flow  in  the  river  at  Hamilton  is  largest,  however,  only  45 
per  cent  of  this  10,000  or  4,500  second  feet  from  Germantown  is  flow- 
ing through  Hamilton.  The  reduction  in  the  flow  at  Hamilton  would 
therefore  be  92,000  —  4,500  =  87,500  second  feet.  Similarly,  if  the 
discharge  at  the  damsite  were  20,000  second  feet,  the  reduction  at 
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Hamilton  would  be  92,000  —  20,000  X  0.45  =  83,000  second  feet.  A 
curve,  B  D  E  in  figure  120,  can  therefore  be  constructed  on  which  the 
horizontal  distance,  measured  to  the  left  from  the  origin  B,  is  the  re- 
duction in  the  flow  at  Hamilton  caused  by  the  Germantown  basin,  and 
the  vertical  distance  above  the  origin  B  is  the  cost  of  the  basin  which 
will  give  this  reduction. 

The  cost-reduction  curve  of  the  Oermantown  basin  is  then  com- 
bined with  curve  A  B  C  ot  figure  120.  This  may  be  done  by  moving 
the  origin  of  the  cost-reduction  curve  along  the  curve  ABC,  and 
finding  the  envelope  A  B  D  F  ot  the  system  of  curves  thus  generated. 
The  reasoning  in  this  case  is  similar  to  that  used  in  combining  the 
retarding  basins  above  Dayton.  For  example,  if  the  basins  above 
Dayto^  were  so  constructed  that  the  fiow  at  Hamilton  is  reduced  to 
295,600,  the  minimum  cost  of  the  improvements  above  Twin  Creek  is 
shown  by  curve  ABCtohe  $16,250,000.  If  in  addition  the  German- 
town  basin  were  built  so  that  it  would  reduce  the  flow  at  Hamilton 
75,000  second  feet,  or  to  220,600  second  feet,  the  additional  cost  is 
represented  by  the  vertical  distance  of  point  D  above  B,  while  the 
75,000-second  foot  reduction  is  represented  by  the  horizontal  distance 
of  D  to  the  left  of  B.  The  minimum  cost  for  which  it  is  possible  to 
secure  a  given  fiow  at  Hamilton  is  therefore  shown  by  the  envelope 
A  B  D  F  ot  the  system  of  curves  generated  by  moving  the  cost-reduc- 
tion curve  for  the  Germantown  basin  along  the  curve  A  B  C: 

INTRODUCING  THE  HAMILTON  AND  MIDDLETOWN  CHANNEL 

IMPROVEMENTS 

The  envelope  AB  D  F  i&  then  combined  in  figure  121  with  the  cost 
curve  for  the  Hamilton  channel  improvement  by  a  direct  addition  of 
ordinates  as  in  figures  113  and  119,  giving  curve  M  N  0.  This  curve 
shows  at  point  X  a  minimum  total  cost  of  $20,000,000  with  a  dis- 
charge through  Hamilton  of  208,000  second  feet.  The  final  step  is  to 
introduce  the  cost  of  the  Middletown  improvement.  Table  XVII  of 
the  Appendix  shows  that  the  peak  at  this  point,  unlike  that  at  Ham- 
ilton, results  frofti  the  maximum  discharge  of  the  retarding  basins. 
As  the  cost  of  the  improvement  at  Middletown  is  small  in  comparison 
with  that  at  Hamilton,  it  is  not  likely  materially  to  change  the  dis- 
charge at  Hamilton,  which  will  give  the  minimum  total  cost.  We  may, 
therefore,  compute,  as  was  done  in  deriving  table  XVII,  the  maxi- 
mum fiow  at  Middletown  which  will  result  from  the  systems  of  basins 
which  give  discharges  close  to  208,000  second  feet  at  Hamilton.  The 
costs  for  the  Middletown  and  Hamilton  improvements  may  then  be 
added,  at  their  respective  discharges  at  Hamilton,  to  the  curve  M  N  O, 
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Discharge  thru  Hamitfon  in  Thousands  of  Second  Feet 

PIG.  121.— DETERMININO  THE  MOST  ECONOMICAL  COMBINATION 
OF  THE  FIVE  BETARDTNG  BASINS  AND  ALL  CHANNEL  IMPROVE- 
MENTS EXCEPT  THAT  AT  MIDDLETOWN,  FOR  VARIOUS  DISCHARGES 
AT   HAMILTON. 


and  another  curve  drawn  through  the  points  thus  obtained,  which 
will  give  a  point  differing  only  slightly  from  X,  representing  the 
minimum  total  cost  of  the  entire  system  of  basins  and  channel  im- 
provements. 
20 


306  MIAMI   C0N8EBVANCT   DISTRICT 

It  will  be  remembered  that  this  minimum  cost  was  based  upon  the 
assumption  that  the  peak  caused  by  the  runoff  from  the  unreservoired 
area  was  the  larger  of  the  two  peaks  at  Hamilton.  Having  deter- 
mined, by  the  method  shown  in  the  following  paragraphs,  the  size  of 
the  basins  which  will  give  this  minimum  cost,  it  is  necessary  to  check 
up  to  see  if  the  relative  size  of  the  two  peaks  agrees  with  the  original 
assumption.  A  rigid  proof  would  require  that  the  balancing  be  car- 
ried out  for  the  other  assumption  also,  namely,  that  the  maximum 
discharge  from  the  basins  might  cause  the  larger  peak  at  Hamilton. 
For  the  Miami  system  it  would  be  found  that  with  the  combination 
of  improvements  which  would  give  the  minimum  cost  with  this  latter 
assumption,  the  runoff  from  the  unreservoired  area  would  still  cause 
the  greatest  discharge  at  Hamilton.  In  some  cases  the  combination 
determined  by  the  second  assumption  might  be  such  that  this  assump- 
tion would  also  be  justified  and  the  most  economical  combination 
would  be  the  one  of  the  two  systems  determined  with  these  assump- 
tions which  gave  the  lowest  minimum  cost. 

DETERMINING  THE  SIZE  OF  THE  VARIOUS  IMPROVEMENTS 

OF  THE  CHEAPEST  COMBINATION 

Having  found  the  discharge  at  Hamilton  which  would  produce 
the  minimum  total  cost  of  the  system,  it  now  remains  to  follow  back 
through  the  development  and  determine  the  size  of  the  various  dams 
and  channel  improvements  in  the  system  which  reduce  the  flow  at 
Hamilton  to  this  amount.  Figure  120  shows  that  the  most  economical 
method  of  securing  208,000  second  feet  discharge  at  Hamilton  is  to 
build  the  dams  above  Dayton  so  that  they  will  reduce  the  flow  at  Ham- 
ilton to  295,600  second  feet,  and  to  secure  the  balance  of  the  reduc- 
tion i.  e.  87,600  second  feet,  by  building  the  Germantown  dam.  From 
the  discussion  on  page  303,  it  will  be  seen  that  this  corresponds  to  a 
maximum  discharge  of  (92,000  — 87,600)-^  0.45  =  9,800  second  feet 
at  the  Germantown  dam,  or  practically  that  given  by  the  Official  Plan. 

From  the  relation  between  the  Dajrton  and  Hamilton  discharges 
previously  discussed,  it  will  be  seen  that  the  flow  at  Dayton  from  the 
system  of  basins  which  will  give  a  discharge  of  295,600  second  feet  at 
Hamilton,  assuming  Germantown  dam  not  built,  would  'be  111,000  sec- 
ond feet.  The  Dayton  channel,  above  Wolf  Creek,  should  therefore 
have  a  capacity  of  111,000  second  feet,  and  the  capacities  for  Miamis- 
burg,  Franklin,  and  Middletown  channels  can  be  computed  as  in 
table  XVII  of  the  Appendix. 

The  next  step  is  to  determine  what  sizes  of  the  retarding  basins 
above  Dayton  gave  the  least  combined  cost  for  a  flow  of  111,000  second 
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feet  at  Dayton.  To  do  this  it  is  necessary  to  determine  what  com- 
bination of  basin  curves  produced  point  Xj,  at  110,000  second  feet  on 
the  envelope  A  B  C  D  E  oi.  figure  119.  This  is  shown  by  the  dashed 
lines  representing  the  position  of  the  three  basin  curves  which  pro- 
duced this  point.  These  dashed  lines  show  that  the  L.  P.  T.  T.  system 
should  be  built  to  effect  a  reduction  of  350,000  —  258,000  =  92,000 
second  feet,  the  Englewood  dam  a  reduction  of  258,000  — 170,000 
=  88,000  second  feet,  and  the  Huffman  dam  a  reduction  of  170,000 
— 111,000=59,000  second  feet.  Since,  as  shown  on  page  295,  the 
discharges,  with  no  reduction  at  these  points,  are  at  Taylorsville 
147,000,  at  Englewood  100,000,  and  at  Huffman  91,000  second  feet, 
the  above  reductions  correspond  to  outflows  of  55,000  second  feet  at 
Taylorsville,  12,000  second  feet  at  Englewood,  and  32,000  at  Huffman. 
These  values,  with  the  exception  of  that  at  Huffman,  were  those 
adopted  in  the  OflScial  Plan.  The  difference  of  3000  second  feet,  at 
Huffman,  between  the  discharge  obtained  by  the  graphical  method 
and  that  from  the  plan  adopted,  is  introduced  by  the  assumption 
made  in  the  computations  for  the  plan,  as  shown  in  table  XVII  of  the 
Appendix,  that  only  99,000  of  the  103,400  second  feet  discharge  from 
the  basins  would  be  effective  at  Dayton.  In  order  to  avoid  complica- 
tions, this  assumption  was  not  considered  in  the  graphical  balancing. 
The  discharge  at  Taylorsville,  for  the  cheapest  system,  was  found 
to  be  55,000  second  feet.  Figure  115  shows  that,  with  this  discharge, 
the  minimum  cost  of  the  L.  P.  T.  T.  system  occurs  at  X^  when  the  dis- 
charge at  Lockington  is  9000  second  feet,  which  is  the  figure  adopted 
in  the  Of&cial  Plan.  The  size  of  channels  required  at  Piqua  and  Troy 
are  then  computed  as  shown  on  page  289. 

THE  ELIMINATION  OF  UNDESIRABLE  BASINS 

The  method  of  eliminating  the  undesirable  basins  is  to  determine 
the  cost  of  the  improvement  on  the  assumption  that  they  will  be  used. 
If  the  cost  of  the  entire  system,  including  a  given  basin,  is  more  than 
that  of  some  other  combination  without  that  basin,  then  that  par- 
ticular basin  is  clearly  uneconomic.  For  example,  to  determine  the 
advisability  of  building  the  Port  Jefferson  basin  on  the  Miami  above 
Piqua,  it  would  be  necessary  to  combine  the  effect  of  this  basin  with 
the  improvements  at  Lockington,  Piqua,  Troy,  and  Taylorsville,  form- 
ing a  system  similar  to  the  L.  P.  T.  T.  group  described.  If,  by  using 
this  in  place  of  the  L.  P.  T.  T.  system,  a  greater  minimum  cost  of 
the  entire  system  was  obtained,  the  use  of  the  Port  Jefferson  basin 
would  be  undesirable.    In  the  same  way,  two  basins  on  the  Mad  or 
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Stillwater  rivers  might  be  combined,  as  were  the  Lockington  and 
Taylorsville  basins.  By  using  these  combinations  in  place  of  the 
single  basin  on  these  streams,  the  desirability  of  their  use  could  be 
determined.  Usually,  it  is  not  necessary  to  carry  the  balancing  en- 
tirely through  to  the  end  to  eliminate  a  basin,  as  it  is  often  evident  at 
some  intermediate  step  that  the  basin  is  undesirable. 


CHAPTER  XIII.— ALTERNATIVE  FLOOD 

PROTECTION  PLANS 

In  the  foregoing  chapters  the  design  of  the  protection  works  for 
the  Miami  Valley  has  been  discussed  in  detail,  with  only  a  brief  men- 
tion of  the  various  alternative  plans  which  were  investigated  (see 
chapter  III).  While  the  problem  was  approached  with  ideas  of  what 
seemed  to  be  the  most  likely  solution,  there  was  also  a  determination 
to  find  the  best  method,  whatever  that  might  be.  The  acceptance  of 
this  principle  led  to  a  complete  change  of  view,  and  the  plan  which 
at  first  seemed  to  be  most  practical  was  discarded  in  favor  of  one 
which  proved  much  better. 

The  investigation  of  any  flood  prevention  system  for  which  re- 
tarding basins  are  adopted,  if  undertaken  in  the  same  spirit  as  was 
that  for  the  Miami  Valley,  would  probably  take  much  the  same 
course,  and  a  discussion  of  retarding  basin  design  would  therefore 
hardly  be  complete  here  without  showing,  at  least  briefly,  some  of  the 
alternative  methods  that  were  considered,  and  the  reasons  why,  under 
certain  conditions,  they  were  less  desirable. 

CITY  PROTECTION  BY  LOCAL  IMPROVEMENT 

The  plan  to  protect  the  whole  Miami  Valley  was  developed  coin- 
cidently  with  studies  for  flood  prevention  at  Dayton  alone.  A  num- 
ber of  different  methods  were  investigated  for  this  city,  but  it  was 
soon  evident  that  the  whole  valley  could  be  protected  by  retarding 
basins  as  cheaply  and  more  effectively  than  Dayton  alone  could  be  by 
any  other  method.  The  later  work  of  the  engineers  was  therefore 
concerned  with  the  development  of  the  retarding  basin  plan.  In 
order,  however,  that  the  relative  cost  of  the  various  projects  could  be 
presented  to  the  Conservancy  Court,  in  obtaining  their  approval  for 
the  construction  of  the  retarding  basins,  it  was  necessary  to  work 
out  the  channel  improvement  plans  in  some  detail.  The  cost  of  all 
such  schemes  proved  greater  than  for  retarding  basins,  but  their  real 
merits,  as  compared  with  the  adopted  plan,  are  not  shown  simply  by 
a  direct  comparison  of  the  figures,  for  it  should  be  noticed  that  while 
the  unit  costs  used  were  the  same,  the  channel  improvement  schemes 
provide  for  flood  discharges  equal  only  to  those  which  occurred  in 
March  1913,  while  the  adopted  plan  gives  ample  protection  from  a 
flood  40  per  cent  larger.    As  will  be  shown  later,  if  the  plan  using 
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channel  improvements  alone  were  to  be  constructed,  the  discharge 
at  Dayton  would  be  increased,  and  a  repetition  of  the  1913  flood  would 
give  rise  to  larger  discharges  than  those  for  which  these  channels 
were  designed. 

Because  of  the  sinuous  course  of  the  Miami  River  through  Day- 
ton, the  use  of  cut-off  channels  immediately  suggested  itself.  A  num- 
ber of  possible  schemes  were  investigated.  Figures  122,  123,  and  124 
show  four,  but  a  num'ber  of  other  combinations  of  various  parts  of 
these  were  looked  into.  Unfortunately,  these  schemes,  to  be  success- 
ful, would  necessitate  wide  channels  through  thickly  built  up  por- 
tions of  the  city,  and  would  entail  excessive  damage  to  property. 
Another  disadvantage  is  the  way  in  which  such  cut-offs  would  divide 
up  the  city  and  become  a  hindrance  to  future  development.  To  make 
the  sections  thus  created  accessible  to  each  other  would  call  for  a  large 
number  of  new  bridges,  the  present  layout  of  sewers,  water  works,  and 
railroads  would  be  seriously  interfered  with,  and  other  extensive 
changes  necessitated.  The  disadvantages  of  this  method  of  improve- 
ment were  so  obvious,  and  the  cost  so  great,  that  the  investigation 
was  not  carried  beyond  the  preliminary  stage.  A  preliminary  esti- 
mate made  in  1913  indicated  the  more  obvious  elements  of  cost  to 
aggregate  $14,000,000.  In  most  such  estimates,  especially  where 
many  interferences  occurred  with  existing  improvements,  the  final 
estimates,  based  on  detailed  plans,  aggregated  at  least  twice  as  much 
as  these  preliminary  estimates  based  on  only  the  more  obvious  ele- 
ments of  cost. 

The  protection  of  all  the  cities  of  the  valley  by  improvement  of 
the  existing  channels  was  worked  out  in  some  detail.  A  great  objec- 
tion to  these  plans  is  their  great  first  cost,  but  a  more  serious  objection 
would  be  the  excessive  and  continuing  cost  of  maintenance.  Table 
16  shows  the  estimates  for  the  various  cities  to  protect  against  dis- 

Tftble  16,— Bmninary  of  cost  of  local  protecUon,  without  retarding  basins,  for 
the  cities  and  towns  In  the  Miami  VaUey,  against  floods  as  large 

as  that  of  March  1013. 

city  or  Town.  Total  Cort. 

Piqua    $361,800 

Troy    853,900 

Dayton    23,634,300 

West  Carrollton 346,400 

Miamisburg    1,071,400 

Franklin    1,500,000 

Middletown    : 532,200 

Hamilton    17,444,000 

Total    $45,744,000 
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charges  equal  to  those  which  occurred  in  the  1913  flood.  Compared 
with  those  for  the  retarding  basin  plan  which  gives  40  per  cent  more 
protection,  the  conclusion  is  obvious,  but  it  may  be  worth  while  to 
show  some  of  the  factors  which  enter  into  this  cost.  Because  of  the 
many  details  which  would  have  to  be  included,  it  will  be  impossible 
to  consider  the  cities  separately,  but  a  general  discussion  will  be  suf- 
ficient to  indicate  the  sources  of  expense  in  such  a  system. 

In  increasing  the  carrying  capacity  of  a  river  through  a  city, 
either  one  of  two  methods  or  a  combination  of  them  may  be  used, 
(a)  Levees  along  the  sides  may  be  built,  or  (6)  the  channel  may  be 
enlarged  by  excavating  earth  from  the  bottom  and  sides.  There  are 
a  number  of  disadvantages  to  the  first  of  these  methods.  The  carry- 
ing of  the  river  between  levees  through  the  city,  at  an  elevation  above 
the  surrounding  land,  is  very  difScult  and  expensive  on  account  of 
the  high  cost  of  right  of  way,  the  obstruction  to  traffic  due  to  having 
all  streets  approach  the  levees  with  steep  grades,  the  damage  to  ad- 
joining property  by  the  elevation  of  streets  approaching  the  bridges, 
the  cost  of  rebuilding  bridges  at  a  higher  elevation,  and  the  cost  of 
gates  at  all  sewer  outlets.  Very  high  levees  are  also  very  objection- 
able in  appearance. 

The  cost  of  a  levee  increases  rapidly  with  increase  in  height,  not 
only  because  of  the  greater  quantity  of  material,  but  also  because  of 
the  greater  area  of  land  occupied,  the  cost  of  which,  particularly  in  a 
city,  becomes  an  important  factor.  Another  factor  which  operates  to 
swell  the  cost  of  raising  a  levee  through  a  city  is  the  extent  to  which 
it  has  to  be  extended  both  above  and  below  the  city  to  connect  with 
high  ground.  This  may  be  explained  as  follows:  To  raise  the  water 
surface  through  the  city,  since  the  river  must  always  have  a  down- 
ward slope,  it  is  necessary  to  begin  the  levees  some  distance  upstream 
from  the  town,  at  a  point  where  the  elevation  of  the  water  surface  is 
somewhat  higher  than  that  which  it  is  desired  to  maintain  through 
the  city.  The  higher  the  water  level  in  the  town  is  raised,  the  farther 
upstream  must  these  levees  be  extended.  Not  only  is  it  necessary  that 
they  be  extended  in  this  way  on  the  main  stream,  but  also  up  the 
tributaries,  until  an  elevation  is  reached  higher  than  that  of  the  water 
surface  in  the  main  stream.  Downstream  from  a  city  the  end  of  the 
levees  must  be  tied  in  to  high  ground,  in  order  to  prevent  back  fiood- 
ing.  In  addition  to  these  considerations  is  that  of  raising  highway 
and  railroad  bridges,  entailing  costly  grade  elevations.  The  latter 
items  alone,  in  the  case  of  the  cities  in  the  Miami  Valley,  made  it  un- 
desirable to  raise  the  levees  above  the  elevations  of  the  principal  exist- 
ing bridges. 
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On  the  other  hand,  increasing  the  carrying  capacity  of  a  channel 
by  removing  earth  has  many  disadvantages.  If  the  channel  is  en- 
larged by  taking  the  earth  from  the  sides,  the  cost  of  the  land  taken 
may  be  great.  A  narrow  deep  channel  can  be  constructed,  but  in 
order  that  this  may  not  be  filled  up  by  earth  washed  down  from 
above,  the  bottom  at  the  upper  end  must  slope  gradually  to  meet  the 
natural  bed  of  the  river,  on  a  grade  so  flat  that  the  earth  will  not  be 
washed  down  from  above.  This  involves  continuing  the  excavation  a 
long  distance  above  the  city.  An  alternative  plan  is  to  build  a  weir 
at  the  upper  end  of  the  excavation,  over  which  the  water  would  drop 
withoift  carrying  the  earth  down  into  the  deeper  channel  below.  One 
of  these  two  plans  must  also  be  used  wherever  tributaries  enter  the 
deepened  channel.  Below  a  city  it  is  necessary  to  continue  the  exca- 
vation to  a  sufficient  distance  down  stream  so  that  the  bottom  of  the 
improved  channel,  which  must  still  have  a  flat  downward  slope,  may 
intersect  the  natural  bed  of  the  river.  If  this  is  not  done,  the  water 
will  form  a  pond  in  the  deepened  channel,  which  will  allow  silt  to 
deposit  and  gradually  fill  up.  The  sewage  which  is  discharged  into 
the  river  might  collect  in  such  a  pool  in  periods  of  low  flow  and  create 
a  nuisance. 

Disposing  of  the  earth  excavated  from  the  channels  is  a  big  item 
of  cost.  While  it  may  sometimes  be  placed  in  low,  waste  areas  or  used 
in  strengthening  levees,  it  is  usually  necessary  to  purchase  land  for 
spoil  banks.  In  cities  this  may  be  so  expensive  that  it  is  often  more 
economical  to  transport  the  materials  considerable  distances  to  cheaper 
land.  The  river  channels  leading  in  and  leading  out  of  the  cities  are 
usually  through  ag^ricultural  regions.  The  spoil  areas  along  these 
must  be  purchased  because  the  deposits  of  the  excavated  material  on 
the  land  destroy  its  productiveness. 

A  combination  of  the  two  types  of  improvement  is  usually  the 
most  economical,  and  its  application  at  most  of  the  cities  in  the  valley 
was  investigated.  It  was  found  that  at  West  CarroUton  and  Miamis- 
burg  levees  alone  would  be  required,  while  at  Piqua,  Troy,  Franklin, 
and  Middletown  levees  would  form  the  principal  part,  with  only  a 
limited  amount  of  channel  excavation.  At  Dayton  and  Hamilton 
large  quantities  of  excavations  would  be  necessary  in  addition  to 
levees  of  considerable  height.  It  was  found  advisable  to  use  approach 
channels  rather  than  weirs.  At  Dayton  these  improvements  would 
extend  3  miles  above  the  city  on  the  Miami,  and  2^^  miles  on  both 
Mad  and  Stillwater  Rivers.  The  "get  away'*  channel  would  extend 
4  miles  below  Stewart  Street.     In  Hamilton  they  would  extend  5 
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miles  above  the  city  and  2  miles  below.  In  many  eases  in  addition  to 
building  new  levees,  the  removal  of  the  old  ones  would  be  required. 

At  nearly  all  the  cities  it  would  be  necessary  to  raise  and  lengthen 
the  bridges,  raise  their  approaches,  and  repave  portions  of  the  streets. 
In  the  case  of  railroads,  in  order  to  raise  the  bridges  it  would  be  neces- 
sary to  raise  the  roadbed  for  some  distance  on  each  side.  In  the  cities 
this  also  would  involve  raising  all  the  street  crossings  over  this  por- 
tion of  the  track. 

At  most  of  the  cities,  besides  the  Miami  and  Erie  Canal,  there  are 
power  canals  leading  to  mills  or  manufacturing  plants.  The  improve- 
ments would  seriously  interfere  with  several  of  these  power  develop- 
ments and  in  some  cases  it  would  be  necessary  to  buy  them  outright. 
Where  the  canals  pass  through  the  levee  systems  flood  gates  would  be 
required,  and  gates  are  also  necessary  in  the  tailraces  to  prevent  the 
water  backing  up  through  them  into  the  city.  Extensive  alterations 
in  the  water  works  and  sewerage  systems  in  some  cases  would  have 
to  be  made.  At  one  of  the  towns  it  would  involve  an  entirely  new 
water  works  pumping  station.  A  great  many  gates  on  the  various 
sewers  which  discharge  below  the  high  water  line  would  be  required. 

When  the  cost  of  all  these  changes  is  considered,  it  is  evident  that 
this  plan  of  improvement  would  be  exceedingly  costly.  Not  only 
would  the  first  cost  of  this  type  of  improvement  be  high  but  the  main- 
tenance charges  also  would  be  excessive.  Willows  and  trees  would 
grow  up  in  the  channel  and  have  to  be  removed,  while  the  water  flow- 
ing at  high  velocity  would  form  pools  and  bars  during  every  flood, 
making  the  waterway  irregular  and  reducing  its  capacity. 

PROTECTION  OF  ENTIRE  VALLEY  BY  CHANNEL 

IMPROVEMENT 

In  order  to  dispel  any  doubt  in  the  minds  of  the  Conservancy 
Court  as  to  the  impracticability  of  the  protection  of  the  entire  valley 
by  channel  improvement,  a  fairly  complete  plan  for  this  method  was 
worked  out  and  the  cost  estimated.  The  channel  begins  at  the  upper 
end  of  Piqua  and  extends  through  Hamilton.  In  the  cities  it  is  very 
similar  to  the  plan  proposed  for  the  protection  of  the  cities  alone. 
Since  it  is  continuous,  the  approach  and  get-away  channels  are  elim- 
inated except  the  approach  channel  at  Piqua  and  the  get-away  chan- 
nel at  Hamilton.  Step-oflf  weirs  are  provided  at  each  tributary,  and 
on  most  of  them,  levees  along  both  sides  of  the  stream  leading  to  high 
ground  were  necessary.  All  existing  dams  in  this  stretch  of  the  river 
would  have  to  be  removed  and  practically  all  the  bridges  would  have 
to  be  lengthened,  or  raised,  or  both.  A  good  idea  of  the  magnitude 
of  the  work  involved  can  be  gained  from  the  following  summary. 
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Cbannel  Iiongtli. 

Extent  of  improvement,  from  north  end  of  Piqua  to  south  end  of  Hamilton, 
total  distance,  75  miles. 
IIzcaYation. 

Total  excavation,*  167,000,000  cubic  yards. 
Maximum  cut,  35  feet. 
Bight-of-way. 

Through    cities    1,500  acres 

Outside  of  cities    12,500    «* 

Total    14,000  acres 

This  is  divided  as  follows:  8000  acres  for  channel,  berms,  and  levees;  6000 
acres  for  spoil  banks  and  borrow  pits. 
Water  Powen. 

Existing  water  power  plants  would  be  affected  at  Troy,  Miamisburg,  Franklin, 
Middletown,  Excello,  Woodsdale,  and  Hamilton.    Seven  dams  would  have  to  be 
removed. 
Tributaries. 

Fifty  tributaries  would  require  improvement  in  the  shape  of  step-off  weirs 
and  levees. 
BailroadB  and  HlgliwayB. 

Miles  of  railroads  affected,  10. 

Miles  of  highways  to  be  relocated,  9. 

Additional  miles  of  highways  and  city  streets  affected,  7. 
Bridges. 

Affected,  on  Miami  Biver  43 

Affected,  on  tributaries   28 

'  • 

Total   71 

Of  this 'total,  17  are  railroad  bridges.    Nine  highway  bridges,  also  included 
in  this  total,  would  have  to  be  removed. 
Buildings. 

Bequiring  removal    550 

Disturbed  by  levees  or  spoil  banks    110 

Total    affected    "660 

Table  17  gives  the  estimated  cost  of  such  an  improvement,  by  sec- 
tions, based  on  prewar  prices;  it  covers  only  the  more  obvious  ele- 
ments of  cost,  such  as  construction  cost,  rights-of-way  and  property 
damage,  and  items  of  10  per  cent  for  engineering,  legal,  and  admin- 
istrative expense,  and  17.28  per  cent  for  contingencies,  the  latter 
figure  being  taken  for  purposes  of  comparison  from  the  OflScial  Plan 
cost  estimates. 

It  should  be  noted  that  in  table  17  the  improvements  at  cities  in- 
clude not  merely  that  part  within  corporation  limits  but  the  entire 
section  of  the  plan  so  designated.  These  figures  show  conclusively 
that  the  complete  improvement  of  the  Miami  River,  without  retard- 
ing basins,  is  not  warranted  from  a  cost  standpoint. 

*  The  total  excavation  in  the  Panama  Canal  was  195,000,000  cubic  yards. 
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Table  17.— Summary  of  cost  of  a  continuoiui  clianiiftl  improvement  of  the  BCiami 

Blyer  ftom  Fiana  to  Hamilton  (wltbont  retarding  basins),  to  take 

care  of  floods  as  large  as  tliat  of  March  1918. 

Beetloo.  Total  Cost. 

Piqua    $1,066,000 

Piqua  and  Troy  2,010,000 

Troy    2,043,000 

Troy  to  Dayton   10,456,000 

Dayton    14,604,000 

Dayton  to  Hamilton    50,950,000 

HamOton    11,^0,000 

$927369,000 

It  should  be  noted  that  the  figures  in  table  16  include  the  same 
allowances  for  engineering  and  administrative  expense  and  contin- 
gencies as  in  table  17,  and  are  based  also  on  prewar  prices. 

It  is  noteworthy,  further,  that  both  the  estimates  in  tables  16  and 
17  exceed  hj  far  the  Official  Plan  estimates,  although  neither  provides 
protection  against  floods  any  larger  than  that  of  1913,  while  the 
Official  Plan  provides  protection  against  floods  40  per  cent  greater. 

Increased  Flo^  Resulting  from  Channel  Improvement 

While  the  channel  improvement  plans  were  projected  to  take  care 
of  discharges  equal  to  those  which  occurred  in  the  1913  storm,  their 
construction  would  so  change  conditions  that  a  repetition  of  this  storm 
would 'cause  materially  larger  discharges,  and  it  is  doubtful  if  any  of 
the  channel  improvement  plans  investigated  would  be  safe  in  case  of 
such  a  flood. 

During  the  1913  storm  the  rivers  of  the  Miami  Valley  overflowed 
their  banks  for  practically  their  entire  length,  flooding  large  areas  of 
land  to  considerable  depths,  temporarily  storing  or  retarding  the 
flow  of  great  quantities  of  water  in  this  way.  The  valley  therefore 
acted  as  an  immense  retarding  basin,  storing  that  part  of  the  water 
which  the  stream  channel  could  not  accommodate,  and  discharging  it 
gradually  and  over  a  long  period  of  time.  An  idea  of  the  quantity 
of  water  in  the  valley  may  be  gained  from  the  statement  that  through- 
out the  distance  of  75  miles  along  the  river,  from  Piqua  to  Hamilton, 
the  flood  plain  on  the  average  is  about  a  mile  wide,  and  was  covered 
to  an  average  depth  of  9  feet.  The  total  quantity  of  water  stored 
above  Hamilton,  at  the  peak  of  the  flood,  was  equivalent  to  a  depth  of 
2.9  inches  on  the  catchment  area,  or  three-tenths  of  the  total  rainfall 
on  the  watershed. 

If  a  channel  improvement  Scheme  were  constructed,  a  part  of  this 
storage  would  be  eliminated,  for  although  the  capacity  of  the  new 
channel  would  be  larger  than  that  of  the  old  river  channel  proper. 
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it  would  be  less  than  the  joint  capacities  of  river  channel  and  flood 
plain.  The  real  reduction  of  storage  would  be  the  difference  between 
the  capacity  of  river  and  flood  plain  and  that  of  the  improved  chan- 
nel. Not  only  would  a  reduction  in  storage  capacity  be  caused  on  the 
main  stream  but  also  on  the  tributaries,  since  for  some  distances  above 
the  improved  channel  the  water  surface  heights  would  be  reduced  by 
the  lowering  of  the  water  level  in  the  improved  section. 

In  the  computation  of  the  increased  flow  caused  by  the  channel 
improvement  for  the  entire  valley,  it  was  assumed  that  the  valley 
storage  affected  would  be  that  part  which  lay  below  the  Lockington, 
Englewood,  Huffman,  and  Qermantown  damsites.  In  this  distance 
the  storage,  when  the  river  reached  its  maximum  stage  in  1913,  was 
451,000  acre  feet,  while  the  capacity  of  the  improved  channel  would 
have  been  only  194,000  acre  feet.  The  difference,  257,000  acre  feet, 
or  57  per  cent  of  the  total  storage,  would  be  eliminated  by  the  im- 
provement. This  is  equivalent  to  a  depth  of  1.32  inches  of  water  over 
the  entire  drainage  area. 

This  storage  began  at  about  the  time  the  river  overtopped  its 
banks,  which  at  Hamilton  is  equivalent  to  a  discharge  of  40,000  second 
feet.  The  Hamilton  hydrograph,  figure  125,  shows  this  to  have  oc- 
curred about  5  p.m.  on  March  24.  The  maximum  stage  was  reached 
at  3  a.m.  on  the  26th  or  34  hours  later.  During  this  interval  257,000 
acre  feet  of  runoff  was  stored  in  the  valley.  If  the  channel  had  been 
improved  this  could  not  have  been  stored,  and  therefore  would  have 
been  discharged  through  Hamilton  during  that  interval.  The  flow  of 
the  improved  channel  would,  therefore,  have  been  257,000  acre  feet 
greater  between  5  p.m.  on  March  24  and  3  a.m.  on  the  26th  than  the 
actual  1913  discharge.  During  the  actual  flood  this  257,000  acre  feet 
passed  through  Hamilton  after  the  peak  discharge  occurred  and 
before  the  river  again  fell  to  a  bank  full  stage.  Between  3  a.m.  Mon- 
day the  26th  and  midnight  on  March  30,  when  the  flow  again  reached 
40,000  second  feet,  the  discharge  with  the  improved  channel  in  opera- 
tion would,  therefore,  have  been  257,000  acre  feet  less  than  the  actual 
1913  discharge. 

The  extent  to  which  this  increase  in  flow  during  the  flrst  part,  and 
decrease  in  flow  during  the  latter  part,  of  the  flood  would  have  af- 
fected the  discharge  rates  can  best  be  determined  graphically.  Fig- 
ure 125  shows  the  1913  Hamilton  hydrograph  and  also  the  computed 
hydrograph  with  channel  improvement  constructed.  The  criteria 
which  determine  the  hydrograph  for  the  improved  channel  are  four: 
(1)  It  must  diverge  from  the  1913  hydrograph  at  A,  where  the  dis- 
charge is  40,000  second  feet  and  valley  storage  begins;  (2)  it  must 
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FIG.  1^.— HYDROGRAPH  OF  MARCH  1913  FLOOD  DISCHARGE  OF 
MIAMI  RIVER  AT  HAMILTON  AND  COMPUTED  HYDROGRAPH  ASSUM- 
ING VALLEY  STORAGE  ELIMINATED. 

intersect  again  at  B,  the  peak  of  the  1913  curve ;  (3)  it  joins  the  actual 
hydrograph  again  at  C  where  the  discharge  again  reaches  40,000  sec- 
ond feet ;  and  (4)  the  areas  ABB  and  B  E  C  F  must  each  be  equiva- 
lent to  257,000  acre  feet.  The  basis  for  these  criteria  may  perhaps 
best  be  understood  by  considering  the  different  rates  of  flow  as  the 
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action  of  a  retarding  basin.  Since  the  improved  channel  prevents  the 
storage  of  water  in  the  valley,  its  discharge  rate  must  be  the  same  as 
that  of  the  inflow  into  it.  Its  discharge  curve  may,  therefore,  be  con- 
sidered as  the  curve  of  inflow  into  the  valley,  while  the  actual  1913 
hydrograph  represents  the  outflow  curve,  the  valley  itself  being  the 
retarding  basin.  The  problem  is,  therefore,  the  reverse  of  that  with 
the  retarding  basins,  for  here  we  are  to  determine  the  inflow  curve, 
having  given  the  outflow  curve.  Storage  in  the  valley  starts  at  the 
40,000-8econd  foot  stage,  see  point  A,  flgure  125,  and  here  the  outflow 
should  become  less  than  the  inflow.  The  maximum  outflow  should 
occur  when  the  storage,  represented  by  the  area  between  the  curves 
A  G  D  B  and  A  H  B,  is  Sk  maximum,  or  where  the  inflow  and  outflow 
are  equal,  see  point  B.  When  the  discharge  again  becomes  40,000 
second  feet  or  at  C,  the  basin  is  empty  and  the  inflow  and  outflow  are 
therefore  the  same.  Since  the  storage  in  the  valley  is  the  difference 
between  the  inflow  and  outflow,  its  total  is  represented  by  the  area 
A  O  B  H,  which  must  have  an  area,  at  the  scale  of  the  dHagran^, 
equivalent  to  257,000  acre  feet.  Since  this  storage  begins  to  decrease 
as  soon  as  the  maximum  is  reached,  and  when  the  valley  is  empty  the 
total  storage  has  been  discharged,  the  area  B  E  C  F  must  be  equal  to 
AGD  B  H  or  also  be  257,000  acre  feet. 

While  a  number  of  curves  fulfilling  these  four  conditions  could 
be  drawn,  with  the  shape  of  retarding  basin  inflow  and  outflow  curve 
in  mind,  it  is  possible  to  draw  a  curve  which  will  represent  very 
closely  the  true  rates  of  flow.  The  1913  flood  discharge,  with  storage 
eliminated^  is  shown  by  flgure  125  to  be  500,000  second  feet,  as  com- 
pared with  the  actual  1913  discharge  of  350,000  second  feet.  In  the 
same  way  it  may  be  shown  that  if  the  channel  improvement  had  been 
built  above  Dayton,  the  discharge  of  the  1913  flood  there  would  have 
been  340,000  instead  of  250,000  second  feet,  and  at  the  other  citfes  it 
would  have  increased  proportionately. 

This  same  effect  would  be  noticed  in  the  construction  of  channel 
improvement  schemes  for  the  cities  alone.  The  elimination  of  only 
that  storage  which  occurred  in  the  city  of  Dayton  would  have  in- 
creased the  discharge  at  Dayton  from  250,000  to  285,000  second  feet. 

PROTECTION  BY  NUMEROUS  SMALL  RETARDING  BASINS 

In  following  out  the  intention  to  investigate  all  possible  methods 
of  flood  control  for  the  Miami  Valley,  a  study  was  made  of  the  possi- 
bilities of  the  use  of  numerous  small  retarding  basins.  It  was  thought 
that  in  addition  to  the  possibility  that  they  might  be  cheaper,  small 
basins  might  possess  several  other  advantages.     Thus,  they  might 
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appear  to  the  general  public  as  less  of  a  menace  to  life  and  property 
in  the  valleys  below  than  would  large  dams.  The  land  on  which  they 
would  be  situated  might  be  cheaper  than  that  required  by  larger 
basins.  Since  many  of  the  small  basins  investigated  on  the  Miami 
River  were  above  Piqua  and  Troy,  they  would  more  effectively  reduce 
the  flood  flow  at  these  points. 

In  order  that  a  comparison  of  the  merits  of  the  small  basin  sys- 
tems could  be  made  with  those  of  the  plan  adopted,  it  was  necessary 
that  the  ultimate  degree  of  protection  furnished  be  the  same  in  either 
case.  Because  of  the  many  factors  which  entered  into  the  problem,  it 
was  found  to  be  impossible  to  secure  exactly  the  same  degree  of  pro- 
tection, and  the  following  conditions  were  therefore  adopted:  (1) 
That,  *if  possible,  the  total  sTtorage  in  the  small  basins  should  equal 
that  of  the  large  ones,  and  (2)  that  the  inflow  assumed  for  the  small 
basins  should  be  the  same  as  that  used  in  the  adopted  plan.  For  this 
reason,  the  basins  on  the  Stillwater  River  and  its  tributaries  were 
assumed  to  receive  an  inflow  of  10  inches  in  3  days  while  those  in  the 
Miami  and  Mad  River  basins  received  9^/^  inches  in  3  days. 

The  desirability  of  a  system  of  small  basins  may  be  considered 
from  two  .standpoints,  (a)  cost,  and  (6)  reliability  of  the  flood  protec- 
tion obtained.  In  the  following  discussion  the  comparison  will  be 
flrst  made  on  the  basis  of  cost.  It  should  be  kept  in  mind  that  the 
cost  given  in  the  case  of  the  small  basins  is  a  preliminary  estimate, 
and  an  assumption  of  very  favorable  conditions  was  made  in  regard 
to  the  foundations  for  structures,  so  that  the  figures  are  no  doubt  in 
many  cases  considerably  below  the  true  cost.  On  the  other  hand  the 
costs  given  for  the  large  basins  are  estimates  made  after  very  thor- 
ough investigation  of  the  dam  sites  and  of  the  probable  cost  of  con- 
struction, and  are  much  higher  in  proportion. 

Figure  126  shows  the  location  of  the  45  basins  considered.  The 
sites  of  14  small  basins  were  found  on  the  Stillwater  tributaries. 
Their  combined  capacity  was  considerably  less  than  that  of  the  Bngle- 
wood  basin.  The  use  of  13  of  these  with  a  large  dam  at  Pleasant  Hill 
or  West  Milton  was  investigated.  The  cost  of  either  of  these  systems 
was  over  $3,000,000  more  than  that  for  the  Bnglewood  basin.  The 
use  of  9  of  the  best  of  these  small  basins  with  a  basin  at  the  site  of, 
but  smaller  than,  the  Bnglewood  was  found  to  cost  $2,500,000  more 
than  the  Bnglewood  alone. 

Twenty  small  reservoir  sites  were  found  on  the  drainage  basin  of 
the  Miami  River  above  the  mouth  of  the  Stillwater.  These  had  a  com- 
bined capacity  about  equal  to  that  of  the  Lockington  and  Taylorsville 
basins,  but  their  cost  was  found  to  be  about  $3,000,000  more  than  that 
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of  the  two  dams  adopted.  In  this  pUm  there  were  4  email  basins  on 
lioramie  Gre^,  one  of  them  at  the  site  of  the  present  IfHikin^a 
baaiii.  While  the  combined  storage  capacity  of  the  4  was  about  equal 
to  that  of  the  Lockdngton  as  adopted,  their  cost  would  have  been  18 
per  cent  greater.    A  system  of  18  small  basins  with  one  large  one  just 


FIQ.  128.— MAP  OP  MIAMI  BIVEB  WATfeRSHED  ABOVE  DAYTON  8H0W- 
INQ  8U00BBTED  SYSTEM  OF  45  SMALL  SETABDINQ  BASINS. 

above  the  mouth  of  Loramie  Creek,  and  another  with  11  small  ones 
and  a  large  one  at  the  present  site  of  the  Taylorsville  dam  was  tried, 
but  the  cost  was  50  per  cent  greater  in  the  first  case  and  24  per  cent 
in  the  second  case,  than  the  cost  of  the  basins  in  the  plan  adopted.  In 
all  the  eases,  if  we  assume  that  the  entire  cost  of  protecting  Troy  and 
Piqua  is  removed  by  using  small  basins,  the  balance  is  still  heavily  in 
favor  of  the  lai^  basins. 

On  the  Mad  Biver,  14  small  basins  were  located  on  the  tributaries. 
Two  systems  were  worked  out :  the  first  included  the  14  on  the  tribu- 
taries and  a  small  one  on  the  main  stream  juat  above  Urbana;  the 
second  contained  9  of  the  small  barans  and  a  large  one  at  the  same 
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point.  The  estimate  of  the  first  of  these  plans  showed  a  cost  slightly 
greater  than  that  of  the  Huffman  basin.  The  estimate  for  the  second 
showed  a  very  slightly  less  cost,  but  as  has  already  been  pointed  out, 
the  estimate  for  the  small  basins  is  proiba;bly  much  lower,  relatively, 
than  that  of  the  plan  adopted.  The  principal  reason  for  not  adopting 
this  plan  for  the  Mad  River  is  that  the  protection  given  by  it  is  not  so 
reliable,  as  will  be  presently  shown. 

It  will  be  seen  from  the  foregoing  that,  except  on  the  Mad  River, 
it  is  impossible  to  obtain  a  small  basin  system  without  costs  greatly 
exceeding  those  of  large  basins.  On  the  Mad  River  the  cost  is  ap- 
proximately the  same,  but  the  cheapest  of  the  systems  contains  a  large 
dam  at  Urbana,  which  deprives  this  plan  of  one  of  the  advantages 
peculiar  to  small  basins,  namely,  that  of  apparently  less,  menace. 
This  plan  also  has  the  disadvantage  that  it  leaves  about  250  square 
miles  more  of  unreservoired  area  than  does  the  Huffman  basin. 

The  cost  of  the  land  in  the  small  basins  would  not  be  less  per  acre 
than  that  above  the  large  dams.  In  the  small  basins  it  is  usually  good 
farming  land,  and  in  many  cases  more  valuable  than  that  required 
for  the  large  ones.  Since  the  average  depth  above  the  small  dams  is 
less,  to  have  storage  equal  to  that  above  the  large  ones,  much  more 
land  is  required.  This  results  in  increased  cost  and  is  responsible  for 
a  large  part  of  the  unfavorable  comparisons  shown  in  the  preceding 
paragraphs. 

While  small  basins  have  some  advantages,  they  are  open  to  so 
many  serious  objections  that  it  is  doubtful  if  such  a  system  should 
be  adopted,  even  if  the  cost  of  properly  located  large  basins  is  consid- 
erably greater.  The  advantages  of  less  menace  claimed  for  the  small 
basins  is  more  fictitious  than  real.  No  system  of  basins  of  any  size  or 
extent  should  be  constructed  above  cities  if  there  is  a  shadow  of  doubt 
as  to  their  safety. 

It  is  a  well  known  fact  that  intense  rainfalls  are  more  likely  to 
occur  over  small  areas  than  over  large  ones ;  also,  that  the  probability 
of  occurrence  of  such  rainfalls  is  greater  than  for  general  storms  cov- 
ering large  areas.  An  intense  local  rainfall  occurring  above  one  of 
the  small  basins  might  tax  its  entire  capacity,  while  it  would  cover 
only  a  part  of  the  drainage  area  of  a  large  basin  and,  therefore,  not 
fill  the  latter.  The  small  basins  would  have  to  be  made  sufficiently 
large  to  take  care  of  this,  and  this  would  very  much  increase  their 
cost.  It  is  evident  that  the  assumption  of  10  or  9 1/^  inches  of  runoff 
in  3  days  would  not  give  these  small  basins  the  factor  of  safety  that  it 
gives  the  larger  retarding  basins.  The  discussion  in  chapter  X  of  the  - 
effect  of  localized  cloud  bursts  on  the  five  large  retarding  basins  em- 
pbasiz^s  this  point. 
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A  series  of  small  basins  cannot  be  as  reliable  in  its  action,  as  a  few 
large  ones,  for  the  rainfall  from  even  the  largest  storms  is  not  equally 
distributed,  and  those  basins  over  whose  drainage  area  the  heaviest 
precipitation  falls  would  be  filled  completely,  and  possibly  discharge 
over  the  spillways,  while  the  basins  in  the  region  of  lighter  rainfall 
would  only  be  partly  filled.  Since  the  discharge  over  the  spillway  in- 
creases rapidly  as  the  depth  on  it  increases,  the  combined  discharge 
from  the  basins  in  this  case  would  be  more  than  if  they  were  all  filled 
just  to  their  spillways.  The  same  thing  is  true,  but  to  a  much  less  ex- 
tent, of  a  series  of  large  basins,  for  in  the  latter  the  variations  in  rain- 
fall and  runoff  which  would  be  felt  at  the  small  basins  in  the  same 
watershed,  are  equalized.  Other  things  being  equal,  the  larger  the 
drainage  area  controlled  by  a  retarding  basin,  therefore,  the  more 
reliable  is  the  protection  afforded  by  that  basin. 

Another  disadvantage  of  a  system  of  small  basins  is  the  large  pro- 
portion of  drainage  area  from  which  the  runoff  remains  uncontrolled 
by  dams.  Thus,  for  the  small  basin  system,  the  uncontrolled  catch- 
ment area  above  Dayton  is  about  650  square  miles,  as  compared  with 
only  70  square  miles  in  the  adopted  plan.  Figure  5,  page  33,  shows 
that  in  one  case  .the  maximum  rate  of  discharge  from  a  650  squaito 
mile  area  during  the  1913  flood  was  85,400  second  feet.  The  dis- 
charge from  the  maximum  local  storm  would  no  doubt  be  greater. 
This  means  that  the  flow  which  it  would  be  necessary  to  provide  for  in 
Dayton  and  the  cities  below,  if  the  small  basin  system  were  xmedy 
would  be-  much  more  than  with  the  adopted  plan,  and,  therefore,  the 
cost  of  the  channel  improvements  at  these  places  would  be  corre- 
spondingly increased. 

It  is  evident,  therefore,  that  small  basins  should  not  be  used  on 
the  Stillwater  or  Miami  rivers,  on  the  score  of  both  excessive  cost  and 
vnreliability.  While  in  the  case  of  Mad  River  the  cost  is  approxi- 
mately the  same  as  in  the  proposed  plan,  the  area  remaining  uncon- 
trolled would  be  larger.  The  cost  figures  given  do  not  take  into  con- 
sideration the  extra  channel  improvement  which  the  additional  250 
square  miles  of  unreservoired  area,  in  such  a  plan,  would  necessitate 
at  Dayton  and  the  cities  below.  If  this  is  taken  into  consideration, 
together  with  the  fact  that  the  estimates  for  the  small  basin  system 
are  low,  for  the  reasons  stated  previously,  it  appears  that  for  the 
Miami  Valley  as  a  whole  the  cost  of  the  small  basins  in  all  cases 
would  be  much  greater,  and  the  protection  furnished  by  them  less 
reliable,  than  for  the  five  large  basins. 


APPENDIX 

Table  I.— Drainage  Areas  of  Streams  in  tlie  Miami  Valley 

MIAMI  EIVEE                                      Square  mUea 

Above  Lewistown  Beservoir  100 

Above  Tawawa  Creek   490 

At  Sidney 665 

Above  Mill  Branch 575 

At  Piqua 842 

At  Troy 908 

At  Tadmor  1128 

At  Taylorsville  Damsite   1133 

Above  -Stillwater  Biver  1162 

At  Dayton,  above  Wolf  Creek 2625 

At  Dayton  including  Wolf  Creek 2598 

Above  Bridge  at  West  CarroUton  2640 

At  Big  Four  Crossing  below  Miamisburg 2722 

At  Franklin  2786 

Above  Twin  Creek  2797 

At  South  Line  of  Middletown 3162 

Above  Four  Mile  Creek 3330 

At  South  Line  of  Hamilton 3672 

At  Venice  3800 

About  2  Miles  below  Miamitown 3937 

At  Mouth   5433 

STILLWATEB  BIVEE 

Above  Greenville  Creek  at  Covington ^ 223 

At  Sugar  Grove 448 

At  West  Milton 611 

At  Englewood  Damsite  651 

At  Little  York 657 

At  Mouth   674 

MAD  BIVEE 

Above  Buck  Creek 324 

Above  Mill  Creek 488 

Above  Big  Four  E.  E.  Bridge  No.  122 505 

About  2  Miles  below  Osborn  649 

At  Huffman  Damsite 671 

At  Mouth 689 

MIAMI  EIVEE  TEIBUTAEIES 

Tawawa  Creek  at  Mouth 56 

Loramie  Creek  at  State  dam 81 

Loramie  Creek  above  Mouth  of  Turtle  Creek 208 

Loramie  Creek  at  Damsite '. 255 

Loramie  Creek  at  Mouth 262 

Turtle  Creek  at  Mouth 36 

Shawnee  Creek  at  Mouth : 15 

Spring  Creek  at  Mouth 27 

Lost  Creek  at  Mouth  58 
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Square  Jiilei 

Honey  Greek  at  Mouth 89 

Wolf  Creek  at  Mouth  73 

Bear  Creek  at  Mouth  53 

Clear  Creek  at  Mouth 61 

Twin  Creek  at  Dantfite 270 

Twin  Creek  at  Month 313 

Dick's  Bun  at  Mouth 49 

Elk  Creek  at  Mouth 59 

Gregory  Creek  at  Mouth 30 

Four  Mile  Creek  above  Seven  Mile  Creek 180 

Pour  Mile  Creek  at  Mouth 322 

Pleasant  Bun  at  Mouth  15 

Indian  Creek  at  Mouth  80 

Banklick  Greek  at  Mouth  6 

Blueroek  Creek  at  Mouth  8 

Paddy's  Bun  at  Mouth 16 

Taylor  Creek  at  Month 27 

8TILLWATEB  BIVEB  TBIBUT ABIES 

Oreenville  Creek  at  Mouth 219 

Ludlow  Creek  at  Mouth 66 

MAD  BIVEB  TBIBUTABIES 

Buck  Creek  at  Mouth 164 

Mm  Creek  at  Mouth 17 

Donnells  Creek  at  Month v« • 29 


Table  II. — Slopes  of  Streams  in  the  Miami  Valley 


DlffercDoe 

Btraam 

Fron 

To 

DtoUnee 

In  Elevft- 
tlon 

Drop  per 
MOe 

Miles 

Feet 

Feet 

Miami  River 

Lewiatown  Reser- 

voir 

Sidney 

29.2 

62.0 

2.1 

Miami  River 

Sidney 

Piqua 

14.0 

78.0 

5.6 

Miami  River 

Piqua 

Troy 

8.8 

ao.o 

3.4 

Miami  River 

Troy 

Dayton 

27.2 

90.0 

3.3 

Miami  River 

Dayton 

Miamisburg 

14.5 

50.0 

3.4 

Miami  River 

Miamisburg 

Middletown 

15.0 

50.0 

3.3 

Miami  River 

Middletown 

HamUton 

16.5 

64.0 

3.9 

Mianu  River 

Hamilton 

11  miles  above 

the  Ohio  River 

26.0 

85.0 

3.3 

Loramie  Creek 

Loramie  Reservoir 

Mianu  River 

22.7 

72.0 

3.2 

Spring  Creek 
Loet  Creek 
Honey  Creek 

Source 

Miami  River 

12.1 

226.0 

18.7 

Miami  River 
Miami  River 

16.7 
10.1 

267.0 
113.0 

16.0 
11.2 

Stillwater  River 

Englewood 

52.0 

218.0 

4.2 

StUIwater  River 

Englewood 

Miami  River 

10.2 

45.0 

4.4 

Mad  River 

North  line  of 

Clark  County 

Buck  Creek 

8.8 

56.0 

6.4 

Mitd  River 

Buck  Creek 

Dayton 

26.7 

156.0 

5.8 

Buck  Creek 

Mad  River 

12.2 

126.0 

.10.3 

Wolf  Creek 

Source 

Miami  River 

17.2 

301.0 

17.5 

Twin  Creek 

Euphemia 

Miami  River 

35.2 

282.0 

8.0 
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Table  DH.— Channel  Capacities  in  1913  in  the  Towns  and  Cities  of  the  Miami 

Valley  Compared  with  the  1913  Flood  Bischaixe 


Channel 

Flood 

Ratio. 

Drainage 

Ii0eaUt7 

DeBcilpUon  of  duumel 

Cai»aclty, 

DlKharge» 

Per 

Area, 

See.  Ft. 

See.  Ft. 

Cent. 

8q.  Ml. 

Sidney 

High    banks,    small   levees   in 

places 

10,000 

44,000 

22.7 

555 

Piqua 

Above  Penn.  R.  R.  small  levees 

25,000 

70,000 

35.7 

842 

Piqua 

Below  Penn.  R.  R.,  small  levees 

in  places 
Floods  low  areas  on  left  of  main 
channel 

15,000 

70,000 

21.4 

842 

Troy 

60,000 

90,000 

66.7 

908 

*■  •  *'«/  ......... 

Troy 

To  top  of  levee  above  railroad 
To  top  of  bank  below  railroad 
Above  Wolf  Creek  levees 

20,000 
12,000 

90,000 

90,000 

250,000 

22.2 

908 

Troy 

13.3 

908 

Dayton 

90,000 

36.0 

2525 

Dayton 

Below  Wolf  Creek  levees 

100,000 

252,000 

39.7 

2598 

Miamisburg. . . 

B.  &  0.  R.  R.  fill  acts  as  levee 

65,000  257,000 

25.3 

2722 

Franklin 

Middletown. . . 

Practically  no  levees 

65,000  .267,000 

24.3 

2785 

No  levees,  wide  flood  channel 

115,000  304,000 

37.8 

3162 

Hamilton 

Levees  above  the  city 

100,000  352,000 

28.4 

3672 

Table  iy.-^hannel  Capacities  Outside  of  Towns  and  Cities  in  the  Miami  Valley 

Compared  with  the  1913  Flood  Dischaige 


• 

Channel 

Flood 

Ratio. 

Drainage 

Loeallty 

Desortptlon 

CaiweUy. 

Dtoctaarse^ 

Per 

Area, 

>                  >         t 

See.  Ft. 

See.  Ft. 

Cent. 

8q.  Ml. 

Miami  River  above  Sidney 

Practically  no 

levees 

5,000 

34,100 

14.7 

498 

Miami  River  below  Sidney 

No  levees 

5,000 

48,500 

10.3 

575 

Miami  River  below  Piqua 

No  levees 

10,000 

70,000 

14.3 

842 

Miami  River  at  Tadmor 

To  top  of  bank 

8,000 

127,300 

6.3 

1128 

Miami  River  at  Tadmor 

To  top  of  levee 

12,000 

127,300 

9.4 

1128 

Miami  River  below  Dayton 

No  levees 

25,000 

252,000 

9.9 

2598* 

Miami  River  below  Miamisburg 

No  levees 

35,000 

257,000 

13.6 

2722 

Miami  River  below  Hamilton  . . 

No  levees 

25,000 

352,000 

7.1 

3672 

Miami  River  below  Miamitown 

No  levees 

20,000 

384,000 

5.2 

3937 

Loramie    Creek    northwest    of 

Lockinflrton 

Practically  no 

1,600 

25,600 

6.3 

208 

levees 

Stillwater  River  above  Coving- 

ton   

Practically  no 

levees 

1,200 

33,100 

3.6 

223 

Stillwater  River  below  Coving- 

ton   

Practically  no 

levees 

6,000 

51,400 

11.7 

448 

Stillwater   River   above   West 

Maton 

Practically  no 

■ 

levees 

7,000 

86,200 

8.1 

600 

Mad  River  west  of  Springfield . . 
Mad  River  below  Osoom 

No  levees 

5,000 

55,400 

9.0 

488 

To  top  of  bank 

6,500 

75,700 

8.6 

649 

Mad  River  below  Osbom 

To  top  of  levee 

13,500 

75,700 

17.8 

649 

Twin  Creek  west  of  German- 

town  

No  levees 

3,000 

66,000 

4.5 
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Table  V.— Valley  Storage  Dming  Ciest  Stages  of  1913  Flood 

Acre  Feet  Inches 

Twin  Creek  Vafley   UfiflO  2.09 

Stillwater  Biver  Valley  below  Coviii^on 57,010  1.59 

Miami  Biver  Valley  above  Dajton 119,730  1.93 

Mad  Biver  Valley   40,250  1.10 

In  City  of  Dayton   83,700 

Total  above  lower*  end  of  Dayton 300,690  2.17 

Miami  VaBey — Dayton  to  Hamilton 232,440 

Total  above  Hamilton   567,940  2.90 


Table  VI.— Population  and  EleTation  in  Feet  aboTe  Sea  Leyel  of  Cities  in  the 

Valley 


Name  of  City  Population  Elevation 

Olevea  1,500  500 

Dayton    170,000  740 

Englewood 300  930 

FairfioM    30O  835 

Franklin    3,000  680 

Germantown    2,000  720 

HttmiHon   65,000  590 

Iiockington    200  930 

Mianrirt)nrg    5,000  705 

Middletown     20,000  650 

Osborn    1,200  830 

Piqua    15,000  870 

Sidney    10,000  960 

Springfield    60,000  970 

Tippecanoe  City 2,400  825 

Troy    7,300  830 

West  Garrollton  1,300  7^ 

West  Milton  1,200  910 
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Table  Yin.— Cmkditions  at  Bams  for  a  Flood  equal  to  tliat  of  March  1898 


Runoff  from  draizutfe  area 
in  3  daysi  inches  of  depth . 

Maximum  rate  of  inflow  in- 
to retarding  basin,  second 
feet 

Maximum  rate  of  outflow 
through  outlet  conduits, 
second  feet 

Maximum  deration  attain- 
ed by  water  surface,  feet 
above  sea  level 

Vertica]  distance  of  water 
surface  below  spillway 
crest,  feet 

Vertical  distance  of  water 
surface  below  top  of  dam, 
feet 

Maximum  area  flooded, 
acres 

Maximum  storage,  acre  feet 


GemuDtown    Bnflewood 
Dam       I       Dam 


2.47 


2.47 


20,700 


6,820 


773 


42 


67 

940 
15,900 


30,200 


8,100 


826 


50 


66 

2,620 
51,500 


Loeklngton 
Dam 

TaylonrUle 
Dam 

2.47 

2.47 

10,600 

35,100 

6,160 

30,500 

911 

792 

27 

26 

43 

45 

1,040 
11,380 

2,600 
22,900 

Huffman 
Dam 


2.47 


31,200 


19,600 


807 


28 


43 

2,490 
20,000 


Table  IZ.— Conditions  at  Bama  for  a  Flood  equal  to  that  of  March  1913 


Qennaatown 
Dam 


Runoff  from  drainage 
area  in  3  days,  inches 
of  depth 

Maximum  rate  of  inflow 
into  retarding  basin, 
second  feet 

Maximum  rate  of  out- 
flow through  outlet 
conduits,  second  feet . . 

Maximimi  elevation  at- 
tained by  water  surface, 
feet  above  sea  level  . . . 

Vertical  distance  of  water 
surface  below  spillway 
crest,  feet 

Vertical  distance  of  water 
surface  below  top  of 
dam,  feet 

Maximum  area  flooded, 
acres 

Maximum  storage,  acre 
feet 


6.94 

66,000 

9,340 

805 

10 

25 

2,950 

73,000 


Bnglewood 
Dam 


6.94 
85,400 
11,000 

862 

14 

30.5 

6,350 

209,000 


LoeklngUm 
Dam 


6.94 

33,000 

8,630 

936 

2 

18 

3,600 

63,000 


TaytonvlUe 
Dam 


6.94 


106,400 


51,300 


815 


22 

9,650 

152,000 


Huffman 
Dam 


6.94 


78,300 


32,600 


830 


20 

7,300 

124,000 


22 
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Table  X.— Conditions  at  Dama  for  Official  Plan  Flood 


• 

Oennaii- 
townDam 

BDflewood 
Dam 

Loeklnff- 
toDDam 

Taylonyllle 
Dam 

Huffman 
Dam 

Runoff  from  drainage  area  in  3 
days,  inches  of  depth 

10 
4.5 
9,800 

812 

18 

3,400 

95,000 

10 

4.5 
12,000 

873 

19.5 
7,600 
289,000 

10 
4.5 

9,000 

940 

14 

4,400 

79,000 

9.5 

4.0 
55,000 

820 

17 

12,000 

2i7,000 

1 

9.5  i 

Maximum  daily  rate  of  inflow 
into  retarding;  basin,  inches  of 
depth  on  dramage  area 

Maximum  rate  of  outflow 
through  outlet  conduits,  sec- 
ond feet 

4.0 
35,000 

835 

15 

9,180 

167,000 

Maximum  elevation  attained  by 
water  surface,  feet  above  sea 
level 

Vertical  distance  of  water  sur- 
face below  top  of  dam,  feet . . . 
Maximum  area  flooded,  acres. . . 
Maximum  storage,  acre  feet 

Table  XI.— Conditions  at  Dams  for  Assiuied  Flood  Runoff  of 

14  Inches  in  3  Dasrs 


Runoff  ^m  drainage 
area  in  3  days,  inches 
of  depth 

Maximum  daily  rate  of 
inflow  into  retarding 
basin,  inches  of  depth 
on  drainage  area 

Maximum  rate  of  com- 
bined outflow  through 
outlet  conduits  and 
over  spillway,  second 
feet 

Maximum  discharge  over 
spillway,  second  feet  . . 

Maximum  elevation  at- 
tained by  water  sur- 
face, feet  above  sea 
level 

Vertical  distance  of  water 
surface  below  top  of 
dam,  feet 

Maximum  head  on  spill- 
way, feet 

Maxmium  area  flooded, 
acres 

Maximum  storage,  acre 
feet 


Qermantown 
Dam 


14 


6>^ 


16,100 
6,100 

824.5 

5.5 
9.5 
4,100 
142,000 


Bnglewood 
Dam 


14 


6Ji 


26,500 
14,500 

887.4 

5.1 

11.4 

9,400 

413,000 


Looklngton 
Dam 


14 


6 


18,100 
9,300 

948.4 

5.6 
10.4 
7,150 
126,000 


Tayloivvllle 
Dam 


14 


6}^ 


79,400 
25,800 

832.0 

5.0 

14.0 

16,900 

386,000 


Huffman 
Dam 


14 


6 


48,400 
13,400 

845.8 

4.2 

10.8 

13,500 

297,000 
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Table  XII. — Flooding  Conditions  in  Gennantown  Retarding  Basin  during  tlie 

Period  1893  to  1917  Assuming  Dam  to  have  been  in  Existence. 

The  yarions  Floods  are  Arranged  in  Order  of  Sise 


Dftte  of  FkMMl  Crest 


March  25,  1913.... 
March  23,  1898. . . . 

May  2,  1893 

October  7,  1910. . , . 
February  28,  1910. 

March  6,  1897 

February  1 ,  1916 . . 

July  9,  1915 

March  14,  1907... 
February  27,  1912. 
February  15,  1908 . 
March  30,  1912.... 
March  27,  1904.... 

March  2,  1908 

February  25,  1909 . 

March  6,  1908 

January  5,  1907 .  . . 
January  18,  1910 .  . 
March  27,  1906.... 
January  20,  1907 . . 
January  22,  1904 .  . 
January  2,  1916 .  . . 
Januaiy  13,  1916.. 

March  1,  1903 

March  19,  1908.... 
January  8,  1913... 
March  27,  1916. . . . 
May  7,  1916...... 


Maxlinuin 

Elevation  of 

Water  Surface 


805.2 
772.6 
766.8 

765.3 
764.9 
763.6 
763-0 
762.8 
762.7 
761.5 
761.4 
759.7 
759.3 
759.1 
758.1 
757.5 
756.8 
766.6 
766.3 
755.7 
755.1 
755.1 
754.9 
754.6 
763.0 
750.7 
742.5 
735.5 


Maximum 
Storage, 
Acre  Ft. 


73,400 
15,900 
10,720 
9,640 
9,380 
8,330 
8,040 
7,940 
7,860 
7,060 
6,995 
5,940 
5,690 
5,575 
4,975 
4,680 
4,310 
4,240 
4,080 
3,830 
3,555 
3,555 
3,510 
3,370 
2,795 
2,110 
620 
92 


Maximum 
Outflow, 
Sec.  Ft. 


9,340 
6,820 
6,260 
6,120 
6,080 
5,920 
5,880 
5,850 
6,850 
5,710 
5,700 
5,500 
5,450 
5,440 
5,300 
6,250 
5,150 
6,140 
5,090 
6,020 
4,960 
4,950 
4,950 
4,880 
4,670 
4,370 
3,100 
2,050 


Area  Flooded, 
Acres 


2,950 
940 
750 
730 
710 
680 
670 
660 
660 
630 
630 
580 
560 
560 
530 
510 
490 
480 
470 
450 
440 
440 
430 
425 
380 
290 
110 
40 


Days 

Required  to 

Empty 


7.4 
2.9 
2.3 
2.3 
2.3 
2.0 
1.6 
2.6 
2.0 
1.7 
2.1 
2.0 
1.6 
1.5 
1.7 
1.7 
1.5 
1.7 
1.6 
1.5 
1.6 
1.2 
1.0 
1.3 
1.1 
1.2 
.9 
.6 
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Table  XIII. — ^Flooding  Conditions  in  Englewood  Retarding  Basin  during  the 

Period  1893  to  1917  Assuming  Dam  to  have  been  in  Existence. 

The  various  Floods  are  Arranged  in  Order  of  Sise 


Date  of  Flood  Crest 

March  25,  1913.... 
March  23,  1898 .  .  , 
February  1,  1916.  . 

May  2,  1893 

January  2,  1916.  . . 
February  28,  1910 . 
October  7,  1910 .  .  . 
March  14,  1907.... 

March  6,  1897 

February  15,  1908 . 

March  6,  1908 

March  30,  1912... 
February  27,  1912. 
March  27,  1904.... 
February  25,  1909 . 
January  20,  1907 .  . 
January  18,  1910 .  . 

July  9,  1915 

January  5,  1907 .  .  . 
March  27,  1906 .  .  . 
January  22,  1904 .  . 

March  1,  1903 

March  19,  1908 .  .  . 
January  8,  1913 .  . . 
March  27,  1916... 

May  7,  1916 

January  13,  1916.  . 


Maximum 

Maximum 

Maximum 

Elevation  of 

Storage, 

Outflow, 

Area  Flooded, 

Water  Surface 

Acre  Ft. 

See.  Ft. 

Acres 

861.7 

209,000 

11,000 

6,350 

826.4 

51,500 

8,100 

2,620 

824.7 

47,050 

7,940 

2,460 

822.4 

41,800 

7,720 

2,280 

819.3 

35,000 

7,400 

2,040 

819.1 

34,560 

7,400 

2,040 

818.9 

34,200 

7,380 

2,010 

817.2 

30,600 

7,200 

1,900 

816.8 

29,900 

7,150 

1,850 

815.8 

28,000 

7,030 

1,790 

814.7 

26,000 

6,900 

1,720 

814.4 

25,400 

6,870 

1,700 

814.2 

25,250 

6,860 

1,690 

812.4 

22,200 

6,650 

1,560 

810.5 

19,450 

6,420 

1,450 

810.2 

19,100 

6,400 

1,430 

809.7 

18,320 

6,320 

1,390 

809.4 

17,960 

6,300 

1,370 

809.0 

17,450 

6,230 

1,350 

808.6 

16,960 

6,200 

1,330 

807.2 

15,200 

6,000 

1,240 

806.4 

14,180 

5,870 

1,190 

804.8 

12,330 

5,640 

1,100 

803.2 

10,730 

5,420 

1,000 

800.0 

7,850 

4,950 

830 

798.9 

6,910 

4,750 

780 

796.4 

5,140 

4,300 

650 

Days 

Required  to 

Emp%> 

23.2 

9.1 

6.7 

6.3 

4.8 

6.5 

5.5 

5.6 

6.3 

4.8 

6.1 

8.3 

4.6 
10.2 

4.6 

4.2 

4.7 

3.9 

6.6 

7.5 

3.5 

3.8 

4.6 

6.9 

3.0 

2.2 

2.9 
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Table  XIV.— Flooding  Conditions  in  Lockington  Retarding  Basin  during  the 

Period  1893  to  1917  Assuming  Dam  to  liave  been  in  Existence. 

The  Tarious  Floods  are  Arranged  in  Order  of  Siie 


Date  of  Flood 

Mixlmum 

Elevation  of 

Water  Sorfaoe 

Maximum 
Storage, 
Acre  Ft. 

Maximum 
Outflow, 
See.  Ft. 

Area  Flooded, 
AeroB 

Days  Re> 

quired  to 

Emmy 

March  25,  1913 

March  23,  1898 

May  7,  1916 

935.9 

911.4 

907.3 

906.8 

906.5 

905.2 

905.2 

903.8 

903.7 

902.4    • 

901.9 

901.8 

901.4 

900.7 

900.3 

900.0 

899.5 

898.6 

898.<5 

898.5 

898.1 

897.2 

897.0 

896.9 

895.4 

894.0 

892.9 

891.2 

62,500 
11,380 
7,345 
7,000 
6,720 
5,785 
5,785 
4,955 
4,B60 
4,040 
3,855 
3,760 
3,535 
3,190 
3,005 
2,820 
2,615 
2,275 
2,205 
2,205 
2,065 
1,770 
1,700 
1,650 
1,240 
918 
689 
459 

8,630 

6,160 
5,620 
5,550 
5,500 
5,340 
5,340 
5,150 
5,150 
4,900 
4,870 
4,860 
4,780 
4,700 
4,640 
4,550 
4,500 
4,350 
4,300 
4,300 
4,250 
4,100 
4,050 
4,050 
3,750 
3,500 
3,250 
2,850 

3,600 
1,040 
800 
770 
760 
690 
690 
610 
610 
550 
530 
520 
510 
480 
470 
450 
420 
390 
380 
380 
370 
330 
320 
310 
260 
230 
190 
150 

7.0 
2.7 
2.3 
2.4 
2.2 
2.2 
1.8 
1.9 
2.0 
1.7 
1.5 
1.8 
1.8 
1.6 
1.6 
1.6 
1.5 
1.5 
4.1 
1.4 
1.5 
1.4 
1.3 
1.4 
1.0 
1.2 
1.2 
2.6 

January  2,  1916 

May  2.  1893 

February  28,  1910 

October  7, 1910 

March  6,  1897 

March  14, 1907 

February  15,  1908 

February  27,  1912 

March30, 1912... .. 

February  1,  1916 

March  2,  1908 

March  27,  1904 

March  6,  1908 

Februaiy  25,  1909 

January  18,  1910 

March  27,1906.! 

January  20, 1907 

January  5,  1907 

March  27,1916 

March  1,  1903 

January  22, 1904 

March  19,  1908 

January  8, 1913 

July  9,  1915 

January  13,  1916 
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Table  XV.— Flooding  ConditioiiB  in  Taylorsville  SeUrdins  Basin  during  the 

Period  1893  to  1917  Assuming  Dam  to  have  been  in  Existence. 

The  yariotts  Floods  are  Arranged  in  Order  of  Size 


Date  of  Flood  Crett 


March  25,  1913 

March  23,  1898 

May  2,  1893 

October?,  1910 

Februarv  28,  1910 

March  6,  1897 

February  15,  1908 

February  1,  1916 

February  27,  1912 

March  14,  1907 

March  30,  1912 

March  2,  1908 

March  6,  1908 

March  27,  1904 

January  2,  1916 

Februarv  25,  1909 

March  27,  1906 

January  18,  1910 

January  20,  1907 

January  5,  1907. 

March  1,  1903 

January  22,  1904 

March  27,  1916 

March  19,  1908 

May  7,  1916 

January  8,  1913 

July  9,  1915 

January  13,  1916 


MftzUnum 

Elevation  of 

Water  Surface 


814.5 
792.3 
788.0 
787.0 
786.2 
785.5 
785.2 
785.0 
784.9 
784.5 
784.0 
783.6 
783.3 
783.1 
783.1 
781.9 
781.7 
781.4 
781.1 
781.0 
780.5 
780.5 
779.1 
779.0 
778.6 
778.5 
776.0 
775.2 


Maximum 
Btorace. 
Acre  Ft. 


150,000 

22,900 

14,385 

12,620 

11,660 

10,700 

10,320 

9,725 

9,450 

9,150 

8,900 

8,200 

7,900 

7,750 

7,750 

6,450 

6,290 

6,010 

5,740 

5,620 

5,145 

5,145 

4,310 

4,110 

3,720 

3,670 

2,340 

2,205 


Maifbium 
Outflow, 
Rec.  Ft. 


51,100 
30,500 
25,400 
23,700 
23,300 
22,600 
22,200 
21,700 
21,500 
21,100 
20,900 
20,300 
20,000 
19,700 
19,700 
18,300 
18,000 
18,000 
17,500 
17,200 
16,500 
16,500 
15,100 
15,000 
14,000 
13,950 
11,250 
10,550 


Area  Flooded, 
Aeret 


9|550 

2,600 

1,780 

1,620 

1,500 

1,400 

1,350 

1,340 

1,300 

1,270 

1,210 

1,160 

1,100 

1,090 

1,090 

960 

950 

900 

890 

870 

830 

830 

700 

690 

660 

650 

430 

390 


Da>'8 

Required  to 

Empty 


4.4 
2.7 
2.4 
3.2 
3.0 
2.5 
2.4 
2.2 
2.1 
2.5 
2.4 
2.0 
2.4 
2.0 
3.1 
1.8 
2.0 
2.3 
2.4 
2.1 
2.2 
1.8 
2.7 
1.2 
1.5 
1.6 
1.5 
1.8 
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Table  XVL— Fleodins  Coaditioiw  in  HaffmAn  Setazding  Basia  dvzing  the 

Period  1893  to  1917  Aiwniiniiig  Dam  to  have  been  m  Bxittence. 

The  yariotts  Floods  are  Arranged  in  Order  of  Size 


Date  of  Flood  Croit 

Mazlmnra 
EloTAtkm  of 

MazJmiim 
Storafo. 

OttCflOW, 

WatorSurfMe 

Aere  Ft. 

8m.  Ft. 

March  25, 1913 

829.6 

123,000 

32,600 

March  23,  1898 

807.3 

20,000 

19,600 

October  7, 1910 

802.3 

9,850 

15,700 

May  2.  1893 

802.2 

9,750 
9,000 

15,600 

March  6, 1897 

801.8 

15,250 

February  28,  1910 .... 

801.8 

9,000 

15,250 

February  15,  1908 

801.1 

8,150 

14,900 

March  14,  1907 

801.0 

7,825 

14,700 

February  27,  1912 

800.0 

6,700 

14,000 

March  2,  1906 

799.1 

5,830 

13,300 

March  6, 1906 

798.9 

5,540 

13,100 

March  30,  1912 

798.9 

5,540 

13,100 

March  27,  1904 

798.2 

5,025 

12,600 

March  27,  1906 

797.2 

4,175 

11,750 

Februaiy  25,  1909 

797.2 

4,175 

11,750 

January  18,  1910 

797.0 

4,015 

11,600 

January  22,  1904 

796.5 

3,580 

11,050 

January  5,  1907 

796.3 

3,515 

li,000 

January  20,  1907 

796.0 

3,280 

10,800 

March  1,1903 

795.7 

3,055 

10,400 

March  19,  1908 

794.5 

2,340 

9,800 

January  8,  1913 

794.0 

2,065 

9,300 

March  27,  1916 

793.3 

1,770 

8,700 

January  2,  1916 

791.4 

1,125 

7,450 

January  13,  1916 

791.4 

1,125 

7,460 

May  7,  1916 

791.4 

1,125 

7,450 

February  1,1916 

789.9 

711 

6,100 

July  9,  1915 

788.7 

528 

5,350 

Aroa  Flooded, 
AeroB 


Days 

Required  to 

Empty 


7,250 

4.3 

2,490 

2.1 

1,550 

1.8 

1,525 

1.8 

1,420 

1.7 

1,420 

2.2 

1,310 

1.5 

1,300 

1.7 

1,140 

1.5 

1,000 

1.6 

990 

1.4 

990 

2.1 

890 

1.4 

775 

1.2 

775 

1.3 

750 

1.3 

700 

1.7 

690 

1.2 

650 

1.7 

625 

1.0 

530 

1.1 

500 

1.4 

460 

1.1 

325 

1.2 

325 

.8 

325 

1.2 

250 

1.6 

180 

1.7 

Table  XVII.— Channel  Capacities  Sequired  at  Da3rton  and  Towns  below,  for  the 
Official  Plan  Flood  Assuming  Retarding  Basins  in  Operation 


Loeatkm 


E^ton,  above  Wolf 

C/reeK ^. . . . 

Dayton,  below  Wolf 

Greek 

Miamisburg 

Franklin 

Middletown 

Hamilton    (smaller 

Bai^ton  (larger 
peak) 


8 


mirewrrolred  Area 


Drainage 
Areata! 
8q.  Ml. 


70 
143 

267 
330 
437 

947 

947 


1018  Flood 
Bimoll 
Rate. 

oeo.  Ft. 


8Q.M1. 


120 
111 

96 

88 
75 

60 

120 


Ofllclal  Plan  Flood 


Ranofl 

Rate. 

Bee.  Ft. 

perSQ.Ml. 


168 

155 
134 
123 
105 

84 

168 


Total 
Rmofli 
See.  Ft. 


Retarding  Barins 


Mazlmom 
Outflow, 
See.  Ft. 


11,800 

22,200 
35,800i 
40,600 
45,800 

I 
79,600| 

159,100; 


103,400 

103,400 
103,400 
103,400 
113,400 

113,400 

113,400 


Outflow 

Oontif- 

butlng  to 


See.  Ft. 


8 


Channel 
Capaolty 
Required, 

Bee.  Ft. 


99,000 110,800 

99,000' 121,200 

99,000134,800 

99,000 139,600 

107,600 153,409 


113,400193,000 
51,000210,100 
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Table  JLYni^^Svaaamuy  of  OtMeirationt  on  Scour  in  Miami  Valley  Streama 
HBSUI/rS  OF  OBeEBYATIONe  ON  THE  1913  FLOOD 


Ayerage 

VehMttj 

Maaa 

Straam  and  Loeation 

at  Max. 

BUf«,Ft. 
per  Sea. 

Depth. 
Faat. 

Btieam-bed  Material 

Amount  of  Boour 

Miami  River  at  Bu  Four 
R.  R.  Bridge  at  mdney . 

Earth  and  sravel 
with     probablv 
rockinnverbed. 

Around  e.  end  of 

12.4 

15.7 

bridge  and  s.  side 

of  embankment. 

Nonein  riverbed. 

Miami  River  above  the 

day,   sand,    and 

None. 

B.  dc  0.  R.  R.  bridge  at 

cravel  with  some 
broken  rock. 

Troy 

6.11 

18.6 

Miami  River  at  the  B.  dc 

Clay,    sand,    and 

Considerable 

0.  R.  R.  bridge  at  Troy 

11.1 

16.3 

cravel  with  some 
broken  rock. 

around  piers. 

Miami    River   overflow 

area  above  Tadmor  . . . 

6.87 

13.3 

AUuvial  soil. 

None. 

Miami    River    channel 

above  Tadmor 

8.17 

23.4 

Gravel. 

None. 

Miami  River  below  Tad- 

mor at  Miami  A  Erie 

Canal  opening 

16.6 

30.6 

Gravel  and  rock. 

Extensive. 

Miami  River  at   Main 

Considerable  j 

Street  bridge,  Dayton . 
Miami  River  channel  be- 

11.0 

•24.6 

Gravel. 

around  piers. 

low  Miamisburg 

9.23 

31.1 

Clay  and  gravel. 

None. 

Miami    River   overflow 

areas   below   Miamie- 

bUTK 

6.67 

16.7 

Alluvial  soil. 

None. 

Miami  River  at  Big  Four 
R.    R.    bridge    oelow 

Clay,  gravel,  and 
rock. 

l^iftmiffKunr 

15.2 

27.7 

Extensive. 

Miami    River   overflow 

area  at  Miamitown 

11.6 

24.6 

Alluvial  soil. 

None. 

Tawawa  Creek  at  Big 

Four  R.  R.   concrete 

* 

arch  opening 

23.1 

8.2 

Clay  and  gravel. 

Some. 

Turtle  &eek  at  Miami 

A   Erie    Canal   stone 

1 

arch  openinjs 

13.7 

10.1 

Clay  and  gravel. 

Some. 

Stillwater  River  above 

highway  brides  at  West 

MUton 

12.0 

27.7 

Clay  and  gravel. 

None. 

Stillwater  River  at  high- 
way bridge   at    West 
Milton 

Clay   and    gravel 

with  broken 

14.6 

26.3 

limestone  around 
abutments. 

Extensive. 

Mad  River  at  Ist  Big 

Cla^   and   gravel 

Four  R.  R.  bridge  west 

with  some  bed 

of  Sprinirfield 

12.2 

17.2 

rock  in  middle 

^^^     ^"^  P^^  ^'^'^'^m^^^^^^^  ••••••■•• 

of  channel. 

None. 

Mad  River  at  2nd  Big 

Cla^  and  gravel 

Four  R.  R.  bridge  west 

with   some  bed 

ftf  RnrinarfiAlH 

15.0 

18.0 

rock   in   middle 

1 
1 

^*^#^^ 

of  channel. 

Extensive.            1 

Buck  Creek  at  Big  Four 
R.  R.  bridge  in  Spring- 

Clay,    sand,    and 

1 

sravel  with  some 
loose  rock  around 
abutments. 

1 

• 

fidd 

13.7 

6.7 

None. 

*  Average  depth  under  bridge. 
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Table  ZYIIL — Snmiiiaxy  of  Obeeivatioiia  on  Scev  in  mami  Valley  Streams 


StnABI  Uld  JjMtMOti 

Aveng* 
VekMttj 

8M«e  Ft. 
per  Seo. 

Mean 
Feet 

SmMn-bed  Material 

Amoant  of  Soour 

Buck  Creek   at    lime- 
stone Street  bridge  in 
Bpripirfield .......  r .. . 

10.1 

11.5 

Clay,   sand,   and 
gravel  with  some 
loose      rock 
around    abut- 
ments. 

None. 

^^MT'  "•»a»*'»J«->* 

HBSULTS  OF  GUBBE(NT  METEB  MEASUBBMKNTO 

Miami  River  at  Sidney. . 

Miami  River  at  Tadmor 

Miami  River  at  Main 

St.,  Dayton 

3.90 
4.63 

4.64 

6.0 

6.36 

6.44 

6.06 
9.85 

10.1 

6.2 

8.70 

2.68 

Probably  gravel. 
Gravel. 

Gravel. 

Gravel. 

Gravel. 

Limestone. 

None. 
None. 

None. 

Slight  shifting  of 
material. 

None. 

None. 

Miami  mver  just  above 
Wolf  Creek,  Dayton  . . 

Stillwater  River  at  West 
Milton 

Seven    Mile    Creek    at 
Seven  Mile 

MIAMI  BIVEB  CUT-OPP  CHANNEL  OBfiEBVATIONS 

Miami     River     cut-off 
duumel  below  Stewart 
St.,  Dayton 

6.6 
6.1 

1^ 
3.2 

Gravel  and  day. 
Gravel  and  clay. 

None. 
Extensive. 

Miami     River     cut-off 
channel  below  Stewart 
St.,  Dayton 

Table  XDL — Convenient  Conversion  Factors 
(Computed  to  Four  Significant  Figures) 


Dtodharse 

Volume 

SeeoodFaet 

Aere-feet  per 
Hour 

Inebei  In  I>e|rtli 
per  Day  per  8q. 
>     MUe 

CubioFaet 

Aer»-feet 

Inelieiln 

Deptlioii  8q. 

MUe 

1,000,000 
12.10 
26.89 

82,640 
2.222 

37,190 
0.450 

1 

1,000,000 

43,560 

2,323,000 

22.96 

1 
53.33 

0.4304 
0.018,75 

1 
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Table  XX. — Special  Conyersion  Factors  for  Drainage  Areas  in  the  Miami  Valley 


One  square  mile 

Germantown  Dam 

Endewood  Dam 

Lockington  Dam 

Excluding  Loramie  Res 

Total  drsunage  area 

Taylorsville  Dam 

Excluding  Lockington  and  Lewis 
town  basins 

Excluding;  Lockington  basin 

Total  dramage  area 

Huffman  Dam 

Dayton 

Hamilton 


Drainage 

Area; 

Sq.  Ml. 


651 
174 

255 


778 

878 

1133 

671 

2525 

3672 


Dtoebarge  Equivalent 

to  One  Inch 

in  Depth  per  Day 


See.  Ft. 


1    26.89 

270   7,260 


17,500 

4,679 
6,857 


20,920 
23,610 
30,470 
18,040 
67,900 
98,740 


Ae.  Ft. 
perHr. 


2.222 

600 

1,447 

386.6 
566.7 


1,729 
1,951 
2,518 
1,491 
5,611 
8,160 


Volume  Equivalent 

to  One  Ineli  in 

Depth 


Ae.  Ft. 


53.33 

14,400 

34,720 

9,279 
13,600 


41,491 
46,830 
60,430 
35,790 
134,700 
195,800 


MlUlooa, 
Cu.  Ft. 


2.323 
627.3 
1,512 

404.2 
592.4 


1,807 
2,040 
2,632 
1,559 
5,866 
8,531 
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PREFATORY  NOTE 


This  volume  is  the  eighth  of  a  series  of  Technical  Reports 
issued  in  connection  with  the  planning  and  execution  of  the  no- 
table system  of  flood  protection  works  now  being  built  by  the 
Miami  Conservancy  District. 

The  Miami  Valley,  which  forms  a  part  of  the  large  interior 
plain  of  the  central  United  States  and  comprises  about  4000 
square  miles  of  gently  rolling  topography  in  southwestern  Ohio, 
is  one  of  the  leading  industrial  centers  of  the  country.  Out  of 
the  great  flood  of  March,  1913,  which  destroyed  in  this  valley 
alone  over  360  lives  and  probably  more  than  $100,000,000  worth 
of  property,  there  resulted  an  energetic  movement  to  prevent  a 
recurrence  of  such  a  disaster  by  protecting  the  entire  valley 
by  one  comprehensive  project.  The  Miami  Conservancy  District, 
established  in  June,  1915,  under  the  newly  enacted  Conservancy 
Act  of  Ohio,  became  the  agency  for  securing  this  protection. 
On  account  of  the  size  and  character  of  the  undertaking,  the 
plans  of  the  District  have  been  developed  with  more  than  usual 
care. 

A  report  of  the  Chief  Engineer,  submitting  a  plan  for  the 
protection  of  the  District  from  flood  damage,  was  printed  in 
March,  1916,  in  three  volumes  of  about  200  pages  each.  After 
various  slight  modifications,  this  report  was  adopted  by  the 
board  of  directors  as  the  Official  Plan  of  the  District,  and  was 
republished  in  May,  1916,  under  the  latter  title.  This  plan  for 
flood  protection  includes  the  building  of  five  earth  dams  across 
the  valleys  of  the  Miami  River  and  its  tributaries  to  form  re- 
tarding basins,  and  the  improvement  of  several  miles  of  river 
channel  within  the  towns  and  cities  of  the  valley.  It  is  esti- 
mated that  the  dams  will  contain  nearly  8,500,000  cubic  yards 
of  earth ;  that  their  outlet  structures  will  contain  nearly  200,000 
cubic  yards  of  concrete;  that  the  river  channel  improvements 
will  involve  the  excavation  of  nearly  5,000,000  cubic  yards ;  and 
that  the  whole  project  will  cost  about  $35,000,000. 

At  the  time  of  the  publication  of  this  volume  the  flood  con- 
trol works  are  about  three-fourths  completed.  The  Germantown 
dam  and  a  considerable  portion  of  the  channel  improvement 


6  MIAMI  CONSERVANCY  DISTRICT 

work  are  entirely  f  inished,  and  the  remaining  dams  and  channel 
work  are  rapidly  approaching  completion. 

In  order  to  plan  the  project  intelligently  many  thorough 
investigations  and  researches  had  to  be  carried  out,  the  results 
of  which  have  proved  of  great  value  to  the  District  and  will 
also,  it  is  believed,  be  of  widespread  use  to  the  whole  engineer- 
ing profession.  To  make  the  results  of  these  studies  available 
to  the  residents  of  the  State  and  to  the  technical  world  at  large, 
the  District  is  publishing  a  series  of  Technical  Reports  contain- 
ing all  data  of  permanent  value  relating  to  the  history,  investi- 
gations, design,  and  construction  of  the  flood  prevention  works. 

The  following  list  shows  the  titles  of  the  reports  published 
to  date  and  the  price  at  which  they  may  be  purchased. 

Part  L— The  Miami  Valley  and  the  1913  flood,  by  A.  E. 
Morgan,  1917,  125  pages,  44  illustrations ;  50  cents. 

Part  11. — History  of  the  Miami  flood  control  project,  by  C. 
A.  Bock,  1918 ;  196  pages,  41  illustrations ;  50  cents. 

Part  III. — Theory  of  the  hydraulic  jump  and  backwater 
curves,  by  S.  M.  Woodward.  Experimental  investigation  of  the 
hydraulic  jump  as  a  means  of  dissipating  energy,  by  R.  M. 
Riegel  and  J.  C.  Beebe,  1917 ;  111  pages,  88  illustrations;  50  cents. 

Part  IV. — Calculation  of  flow  in  open  channels,  by  I.  E.  Houk, 
1918 ;  283  pages,  79  illustrations ;  75  cents. 

Part  V. — Storm  rainfall  of  eastern  United  States,  by  the 
engineering  staff  of  the  District,  1917;  310  pages,  114  illustra- 
tions ;  75  cents. 

Part  VI. — Contract  forms  and  specifications,  by  the  engin- 
eering staff  of  the  District,  1918,  192  pages,  3  folding  plates, 
and  index ;  50  cents. 

Atlas  of  selected  contract  and  information  drawings  to  ac- 
company Part  VI;  139  plates,  11  by  15  inches;  $1.50. 

Part  VII. — Hydraulics  of  the  Miami  flood  control  project, 
by  S.  M.  Woodward,  1920;  344  pages,  126  illustrations;  $1.00. 

Part  VIII. — Rainfall  and  runoff  in  the  Miami  Valley,  by 
I.  E.  Houk,  1921;  236  pages,  51  illustrations;  75  cents. 

Technical  reports  on  the  following  subjects  are  contemplated. 

Laws  relating  to  flood  control. 

Structural  design,  construction  plant  and  methods. 

Methods  of  appraising  property  benefits  and  damages. 

Orders  for  Technical  Reports  should  be  sent  to : 
The  Miami  Conservancy  District,  Dayton,  Ohio. 

Arthur  E.  Morgan, 
?r^?'l?2'r  Chief  Engineer. 
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CHAPTER   I.— INTRODUCTION 

GENERAL 

The  purpose  of  this  report  is  to  present  to  the  engineering 
profession  the  results  of  rainfall  and  runoff  investigations  car- 
ried on  in  connection  with  the  Miami  flood  control  project. 

When  an  engineering  examination  of  the  Miami  Valley  was 
begun,  immediately  after  the  great  flood  of  March,  1913,  in 
order  to  determine  the  best  plan  for  preventing  damage  by  fu- 
ture floods,  an  investigation  of  rainfall  and  runoff  conditions 
was  naturally  one  of  the  first  lines  of  attack.  It  was  recognized 
at  the  start  that  a  knowledge  of  rainfall  and  runoff  would  be 
essential  in  determining  the  size  of  the  flood  to  be  provided  for, 
in  the  design  of  the  flood  protection  works,  and  in  the  assessment 
of  the  benefits  and  damages  which  would  result  from  the  con- 
struction of  the  works,  as  well  as  in  the  many  other  problems 
which  probably  would  be  encountered  as  the  development  of  the 
plans  proceeded.  However,  as  the  work  progressed  and  as  the 
magnitude  of  the  problem  became  apparent,  the  importance  of 
collecting  such  data  became  even  more  pronounced  than  had  been 
originally  anticipated.  Consequently  the  collection  of  rainfall 
and  runoff  records  and  the  studies  of  rainfall  and  runoff  rela- 
tions were  more  or  less  gradually  expanded  during  the  first  few 
years  of  the  work. 

While  there  were  several  rainfall  stations  in  the  Miami  Val- 
ley at  the  time  of  the  1913  flood,  there  were  but  three  river 
gages,  one  at  Piqua,  one  at  Dayton,  and  one  at  Hamilton.  The 
work  of  establishing  additional  stations  was  begun,  in  coopera- 
tion with  the  U.  S.  Weather  Bureau,  almost  immediately;  and 
within  a  few  months  daily  records  of  rainfall  and  river  stages 
and  periodic  measurements  of  discharge  were  being  obtained  at 
several  stations  on  the  Mad  and  Stillwater  Rivers,  at  German- 
town  on  Twin  Creek,  and  at  several  additional  places  on  the 
Miami  River.  Arrangements  were  also  made  with  the  various 
observers  for  special  readings  of  river  gages  during  flood 
periods.    The  number  of  stations  and  the  amount  of  flood  data 
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being  secured,  was  increased  from  time  to  time  as  the  work 
progressed,  as  will  be  described  in  detail  later. 

Extensive  hydrographic  surveys  of  the  1913  flood  in  the 
Miami  Valley,  and  investigations  of  the  rainfall  over  the  valley 
during  that  storm,  were  carried  on  during  the  summer  and  fall 
of  1913.  Studies  of  the  relation  of  the  flood  runoff  to  the  storm 
rainfall  were  made  as  soon  as  the  data  was  available.  Similar 
studies  for  subsequent  floods  were  made  from  time  to  time  as 
the  floods  occurred. 

As  a  practical  aid  in  the  study  of  the  relation  of  runoff  to 
rainfall,  a  number  of  small  experimental  plats  were  established 
at  Moraine  Park,  about  five  miles  south  of  Dayton,  where  rain- 
fall and  surface  runoff  could  be  measured  on  varying  slopes  and 
with  varying  soil  conditions,  as  well  as  the  rapidity  and  depth 
of  soil  saturation  caused  by  different  rains.  After  about  four 
and  a  half  years  of  records  had  been  secured  experiments  were 
undertaken,  using  garden  sprinkling  cans  to  reproduce  rainfall 
effects,  in  an  effort  to  develop  a  method  by  which  rainfall  and 
runoff  relations  could  be  determined  for  a  given  watershed 
without  waiting  the  comparatively  long  time  required  for  the 
collection  of  sufficient  data  from  natural  rainfall.  The  results 
obtained  were  so  suggestive  that  similar  plats  were  established 
at  the  Taylorsville  Dam  where  data  could  be  obtained  on  different 
types  of  soil. 

SCOPE  OF  THIS  REPORT 

Chapter  II  describes  the  rainfall  and  runoff  records  obtained 
in  the  Miami  Valley.  The  records  available  at  the  time  of  the 
1913  flood,  the  stations  established  since  that  time,  the  records 
secured  at  the  various  stations,  the  gages  in  use,  and  the  methods 
of  measurement  are  all  discussed-  in  detail.  The  actual  records 
are  not  reproduced  since  the  more  valuable  data  is  being  pub- 
lished elsewhere.  However,  the  places  of  publication,  the  par- 
ticular records  being  published,  and  the  manner  in  which  the 
unpublished  data  may  be  secured  are  fully  described. 

Chapter  III  takes  up  the  rainfall,  runoff,  and  soil  moisture 
data  secured  on  the  small  experimental  plats  at  Moraine  Park. 
The  records  are  given  in  full,  in  tables  and  diagrams,  and  are 
discussed  in  detail.  The  effects  of  variations  in  rainfall  intensity 
and  in  soil  moisture  content  on  the  surface  runoff  are  taken  up, 
as  are  also  the  total  rainfall,  runoff,  and  retention  during  storm 
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periods.    A  summary  of  the  principal  conditions  shown  by  the 
data  is  given  at  the  end  of  the  chapter. 

Chapter  IV  is  devoted  to  the  sprinkling  experiments  at 
Moraine  Park  and  Taylorsville.  The  results  are  shown  graph- 
ically, by  means  of  mass  curves.  Summaries  of  the  more  im- 
portant data  are  given  in  tabular  form.  An  interesting  relation 
was  found  to  exist  between  rates  of  rainfall,  runoff,  and  re- 
tention when  the  surface  soil  is  saturated.  The  total  rainfall, 
runoff,  and  retention  during  the  various  experiments,  as  well 
as  the  rates,  are  discussed  in  detail ;  and  some  data  is  given  re- 
garding the  intensity  and  duration  of  precipitation  before  sur- 
face runoff  begins. 

In  chapter  V  the  monthly,  seasonal,  and  annual  rainfall, 
runoff,  and  retention  throughout  the  Miami  Valley  are  taken  up. 
Annual  conditions  in  the  different  drainage  areas  are  shown  by 
means  of  tables  and  diagrams.  Monthly  and  seasonal  condi- 
tions are  discussed  only  for  the  drainage  area  above  Dayton 
since  the  records  available  for  the  other  stations  are  of  com- 
paratively short  duration.  A  method  of  studying  the  hydrology 
of  a  valley  by  means  of  mass  curves  is  shown,  using  the  data 
for  the  drainage  area  of  Mad  River  above  Wright  as  an  example. 
Discussions  of  the  proportions  of  ground  water  runoff  and  flood 
runoff  are  included  for  the  Stillwater,  Mad,  and  Miami  Rivers, 
and  Buck  Creek. 

Chapter  VI  discusses  the  rainfall  and  runoff  during  the 
great  flood  of  March,  1913.  The  data  is  shown  by  means  of  maps 
and  diagrams,  but  the  complete  station  records  are  not  included. 
The  distribution  of  the  rainfall  as  regards  time  as  well  as  dtain- 
age  area,  the  characteristics  of  the  flood  hydrographs,  and  the 
relation  of  the  flood  runoff  to  the  storm  rainfall  are  discussed. 

Chapter  VII  takes  up  the  studies  of  rainfall  and  runoff  which 
have  been  made  for  floods  occurring  since  March,  1913.  The 
total  rainfall,  runoff,  and  retention  during  flood  periods;  the 
maximum  rates  of  rainfall  and  runoff ;  and  the  maximum  values 
of  retention  are  given  in  tabular  form  and  are  described  in  the 
text.  Data  is  also  included  relating  to  storage  in  stream  chan- 
nels and  on  the  ground,  and  to  precipitation  intercepted  by  trees. 
Brief  descriptions  of  the  various  floods  are  given  but  the  de- 
tailed rainfall  and  runoff  records  are  not  included. 

Chapter  VIII  contains  a  brief  description  of  the  flood  fore- 
casting work  of  the  District  and  of  the  methods  used  in  making 
the  forecasts. 
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THE    MIAMI  VALLEY 

Rainfall  and  runoff  conditions  vary  so  widely  with  variations 
in  geology,  topography,  and  climate  that  it  seems  pertinent  to 
give  a  brief  description  of  the  Miami  Valley. 

As  may  be  seen  by  referring  to  figure  1  the  Miami  River 
flows  in  a  southwesterly  direction  through  southwestern  Ohio, 
entering  the  Ohio  River  at  the  Indiana  and  Ohio  state 
line.  It  drains  a  rather  fan  shaped  area  of  about  4000  square 
miles  lying  almost  wholly  in  Ohio.  The  Whitewater  River  which 
joins  the  Miami  near  its  mouth  and  which  drains  an  area  of 
about  1400  square  miles  lying  almost  entirely  in  Indiana,  has 
not  been  shown  since  it  is  not  affected  by  the  works  of  the 
Miami  Conservancy  District. 

The  Miami  River  is  about  163  miles  in  length.  Its  drainage 
basin,  which  includes  parts  of  15  counties,  measures  about  120 
miles  on  the  longer  axis  and  about  70  on  the  shorter.  The  more 
important  tributaries  below  Dayton,  following  northward  up  the 
west  side  of  the  Miami,  are:  Indian  Creek,  emptying  just  above 
Venice;  Four  Mile  Creek,  a  flashy  stream  entering  just  above 

♦History  of  the  Miami  Flood  Control  Project,  by  C.  A.  Bock.  Technical 
Reports,  Part  II,  The  Miami  Conservancy  District,  Dayton,  Ohio,  1918, 
page  115. 
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FIG.     1. — MAP    OF    MIAMI    RIVER    DRAINAGE    AREA    SHOWING 
GAGING  STATIONS. 
The  drainage  areas  above  the  river  stations,  in  square   miles,  are 
shown  by  the  numbers  placed  under  the  names  of  the  stations. 

Hamilton;  and  Twin  Creek,  with  its  outlet  just  below  Franklin. 
Seven  Mile  Creek  flows  into  Four  Mile  Creek  just  above  its 
junction  with  the  Miami.  Four  streams,  the  Miami,  Mad,  and 
Stillwater  Rivers,  and  Wolf  Creek  unite  within  the  city  limits 
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of  Dayton.  Just  above  Piqua»  about  27  miles  north  of  Dayton, 
the  Miami  is  joined  by  Loramie  Creek.  Greenville  Creek  enters 
the  Stillwater  River  from  the  west  a  few  miles  above  Pleasant 
Hill.  Buck  Creek  joins  the  Mad  River  from  the  east  at  Spring- 
field. 

The  topography  of  the  Miami  Valley  may  be  described  as 
gently  rolling  with  the  general  elevations  of  the  uplands  varying 
from  about  800  feet  above  sea  level  near  the  mouth  of  the  river 
to  about  1100  feet  near  the  headwaters.  The  slopes  are  compara- 
tively flat  near  the  headwaters  but  increase  more  or  less  grad- 
ually toward  the  southwest,  being  comparatively  abrupt  near 
the  Ohio  River.  Except  for  its  southernmost  portion  the  entire 
basin  bears  evidence  of  having  been  covered  by  ice  during  the 
glacial  period.  The  preglacial  valleys  carved  in  the  limestone 
formations  and  the  crests  of  the  preglacial  hills  have  been  al- 
most entirely  obliterated  by  the  ice.  The  Miami  River  and  its 
principal  tributaries  flow  in  the  partially  filled  valleys  in  com- 
paratively insignificant  channels. 

The  Miami  River  has  a  drop  of  about  2  feet  per  mile  in  the 
first  30  miles,  and  of  about  3.3  feet  throughout  the  major  por- 
tion of  its  course.  The  Stillwater  and  Mad  Rivers  are  some- 
what steeper,  the  former  sloping  at  a  rate  of  about  4  feet  per 
mile  and  the  latter  at  a  rate  of  about  6  feet.  The  smaller  tribu- 
taries are  still  steeper,  the  slopes  increasing  as  we  proceed  down- 
stream. Twin,  Four  Mile,  and  Seven  Mile  Creeks  are  noted 
for  the  suddenness  with  which  they  rise  and  the  short  duration 
of  their  flood  stages.  The  rolling  topography,  together  with  the 
fan  shaped  arrangement  of  the  larger  tributaries,  present  sin- 
gularly favorable  conditions  for  quick  collection  of  storm  runoff 
and  the  formation  of  high  flood  crests. 

RAINFALL  AND  RUNOFF  RELATIONS 

Rainfall  and  runoff  relations  have  been  studied  extensively 
during  recent  years.  While  more  or  less  progress  has  been 
made,  in  methods  of  investigation  as  well  as  in  final  results, 
the  problem  is  still  far  from  a  complete  solution.  Early  in- 
vestigators frequently  tried  to  express  runoff  as  a  percentage 
of  rainfall;  more  recently  runoff  has  been  considered  as  a 
residue  remaining  after  the  various  losses  are  supplied.  This 
was  undoubtedly  a  step  in  advance,  since  runoff  is,  essentially', 
a  residue  remaining  after  the  demands  of  evaporation,  trans- 
piration, and  deep  seepage  are  filled.    However,  these  quanti- 


RAINFALL  AND  RUNOFF  19 

ties,  themselves,  are  so  variable  and  are  affected  by  so  many 
factors  that  no  simple  accurate  formulas  for  their  calculation 
can  be  developed.  It  must  be  recognized  that  there  is  no 
simple  relation  between  rainfall  and  runoff  and  that  runoff 
can  be  determined  from  rainfall  within  narrow  limits,  only 
after  very  careful  study  of  all  existing  data  by  experienced 
hydraulic  engineers.  Even  then  the  results  may  be  consider- 
ably in  error. 

This  volume  does  not  take  up  in  a  general  way  the  factors 
affecting  either  rainfall  or  runoff.  Neither  does  it  give  any 
general  review  of  the  work  of  other  investigators.  For  such 
matters  the  reader  is  referred  to  the  original  publications  and 
the  more  recent  works  on  hydrology,  listed  in  the  bibliography 
at  the  end  of  the  book.  The  purpose  of  this  report,  as  before 
mentioned,  is  to  present  the  results  of  the  investigations  which 
have  been  carried  on  in  connection  with  this  project.  These 
were  necessarily  confined  more  to  studies  of  actual  rainfall  and 
runoff  conditions  in  this  valley  than  to  the  general  laws  affect- 
ing such  phenomena.  It  will  be  valuable,  however,  to  point  out 
briefly  the  more  general  conclusions  regarding  rainfall  and 
runoff  relations  in  the  Miami  Valley,  which  seem  to  be  justi- 
fied by  the  data  contained  herein. 

The  Moraine  Park  records  taken  up  in  chapter  III  show : 

1.  That  variations  in  surface  slope  are  of  much  less 
importance  as  affecting  runoff  than  are  variations  in  vegetable 
cover. 

2.  That  intensity  of  precipitation  has  an  important  effect 
on  the  occurrence  and  amount  of  surface  runoff. 

3.  That  during  the  summer  months  rainfall  seldom 
percolates  to  such  depths  that  it  is  not  raised  again  by  capillar- 
ity or  by  root  action  and  evaporated  or  transpired  back  into 
the  atmosphere. 

4.  That  storage  in  the  surface  soil,  filled  during  winter 
rains,  furnishes  about  5  inches  of  water  to  the  summer  evap- 
oration  and  transpiration  requirements. 

The  sprinkling  experiments  described  in  chapter  IV  show : 

5.  That  the  rate  of  surface  runoff  increases  as  the  rate 
of  precipitation  increases,  the  former  being  directly  propor- 
tional to  the  latter  when  the  surface  soil  is  saturated. 

6.  That  the  rate  of  percolation,  when  the  surface  soil  is 
saturated,  increases  as  the  rate  of  rainfall  increases,  the  varia- 
tion being  according  to  a  straight  line  equation  and  the  rate  of 
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increase  being  proportionally  greater  for  loose  loamy  soils 
than  for  heavy  clay  soils. 

7.  That  cultivation  has  a  relatively  important  effect  in 
reducing  the  amount  of  surface  runoff. 

The  studies  of  annual  runoff  given  in  chapter  V  show : 

8.  That  annual  evaporation,  including  transpiration,  is 
not  constant,  but  varies  with  the  seasonal  distribution  and 
amount  of  rainfall,  as  well  as  with  other  meteorological  fac- 
tors, the  variation  for  the  drainage  area  above  Dayton  being 
slightly  greater  than  the  variation  in  annual  rainfall. 

9.  That  annual  runoff  is  much  more  variable  than  either 
annual  rainfall  or  annual  evaporation. 

10.  That  annual  surface,  or  flood,  runoff  is  much  more 
variable  than  the  annual  low  water,  or  ground  water,  runoff, 
the  variations  in  total  annual  runoff  being  caused  primarily 
by  the  variations  in  surface  runoff. 

11.  That  the  character  and  condition  of  the  soil  influences 
runoff  to  a  greater  extent  than  has  been  generally  recognized, 
and  next  to  rainfall  is  the  most  important  factor  affecting 
runoff. 

The  studies  of  storm  rainfall  and  flood  runoff  taken  up  in 
chapter  VII  show : 

12.  That  the  total  retention  during  similar  storms  is 
greater  in  the  summer  than  in  the  winter. 

Some  of  the  above  conclusions  are  simply  confirmations  of 
recognized  laws.  Others,  however,  such  as  number  6,  relating 
to  the  rate  of  percolation,  are  new. 

It  is  believed  that  the  sprinkling  method  of  investigating 
rainfall  and  runoff  relations,  described  in  chapter  IV,  offers 
distinct  possibilities;  and  it  is  hoped  that  other  investigators 
will  try  this  out  in  different  parts  of  the  country  and  on  differ- 
ent soils.  Of  course  whenever  sufficient  funds  are  available 
it  would  be  desirable  to  install  lysimeters  so  that  the  percola- 
tion can  be  directly  measured.  Such  experiments  might  be 
taken  up  by  senior  or  graduate  students  at  the  various  tech- 
nical colleges.  Persons  desiring  to  pursue  the  matter  might 
secure  rainfall  and  runoff  data,  similar  to  that  contained  in 
chapter  IV,  for  different  soils,  at  different  seasons  of  the  year, 
with  different  surface  coverings,  and  in  different  stages  of 
cultivation.  Data  might  also  be  secured  on  the  intensity  and 
duration  of  precipitation  which  will  cause  surface  runoff  to 
begin  on  different  soils,  covered  with  different  growing  crops 
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in  different  stages  of  growth.  Engineers  engaged  on  projects 
requiring  a  knowledge  of  rainfall  and  runoff  relations  can 
probably  secure  valuable  information  in  a  few  months  by  such 
methods. 

Better  information  regarding  variations  in  soil  absorption, 
percolation,  evaporation,  and  transpiration  caused  by  varia- 
tions in  soil  texture,  soil  moisture,  temperature,  rainfall,  sur- 
face conditions,  and  so  forth,  will  be  of  material  assistance  in 
studies  of  flood  runoff  and  storm  rainfall.  Probably  future 
studies  of  the  relation  between  rainfall  and  runoff  will  give 
better  results  if  the  flood  runoff  and  low  water  runoff  are 
considered  separately,  even  though  the  division  between  the 
two  may  have  to  be  more  or  less  arbitrarily  made.  This  should 
be  especially  true  where  the  flood  runoff  constitutes  a  large 
proportion  of  the  total  and  is  as  variable  as  it  is  in  the  Miami 
Valley. 

Records  of  total  rainfall  and  runoff  should  be  published 
whenever  possible,  since  such  information  always  is  valuable 
to  hydraulic  engineers.  From  a  large  accumulation  of  such 
records  certain  generalizations  sometimes  can  be  made.  Where 
the  records  are  of  long  duration  they  furnish  valuable  data  for 
studies  of  abnormally  dry  and  wet  years  as  well  as  of  the 
general  variations  in  total  amounts.  However,  such  data  is  of 
limited  application  in  that  it  includes  the  cumulative  effects 
of  the  different  fundamental  laws  affecting  these  phenomena, 
and  it  is  doubtful  whether  a  detailed  study  of  such  records 
will  indicate  very  definite  relations  between  the  two  which 
can  be  blindly  applied  to  other  drainage  areas. 


CHAPTER  II.— RAINFALL  AND  RUNOFF  RECORDS 

RECORDS  PRIOR  TO  1913 

In  May,  1913,  when  the  Miami  Valley  flood  prevention  sur- 
veys were  begun,  the  United  States  Weather  Bureau  maintained 
the  only  gaging  stations  within  the  Miami  River  drainage  area 
above  the  mouth  of  the  Whitewater.  There  were  eight  of  these, 
located  at  Springfleld,  Urbana,  Bellefontaine,  Sidney,  Piqua, 
Greenville,  Dajrton,  and  Hamilton.  A  few  additional  stations, 
also  maintained  by  the  Weather  Bureau,  were  located  just  out- 
side the  valley  at  Kings  Mills,  Waynesville,  Plattsburg,  Kenton, 
Wapakoneta,  and  New  Bremen,  Ohio,  and  at  Richmond  and  Sal- 
amonia,  Indiana. 

Daily  rainfall  records  were  being  secured  at  all  places.  At 
some  stations  the  records  had  been  taken  for  comparatively 
long  periods  of  time.  At  Dajrton,  for  instance,  continuous  rec- 
ords had  been  taken  since  November,  1882 ;  and  at  Urbana,  dur- 
ing the  period  from  January,  1852,  to  April,  1878,  and  after 
January,  1896.  At  Greenville,  continuous  records  had  been 
taken  since  February,  1886. 

Rainfall  records  were  also  available  at  a  few  stations  which 
had  been  established,  and  later  discontinued,  by  the  Weather 
Bureau.  Among  these  might  be  mentioned  the  10-year  records 
at  Bethany  and  Oxford,  Butler  County,  and  at  New  Paris,  Preble 
County,  and  the  40-year  record  at  Jacksonburg,  Butler  County. 

However,  the  river  gage  records  were  much  fewer  in  number. 
Of  the  above  mentioned  eight  stations  within  the  Miami  Valley, 
river  records  were  being  secured  at  only  three,  Piqua,  Dayton, 
and  Hamilton.  At  Piqua,  flood  stages  had  been  observed  from 
January  1,  1907,  to  December  31,  1910,  and  daily  stages  after 
January  1,  1911.  At  Dayton,  continuous  daily  stages  had  been 
observed  beginning  December  22,  1892.  At  Hamilton,  flood 
stages  had  been  observed  from  November  15,  1904,  to  February 
28,  1910,  and  daily  stages  beginning  with  March  1,  1910. 

The  Water  Resources  Branch  of  the  U.  S.  Geological  Survey 
had  maintained  a  river  station  on  Mad  River,  about  four  miles 
west  of  Springfield,  from  December  31,  1903,  to  March  31,  1906; 
during  which  time  they  secured  daily  gage  readings,  except  for 
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certain  short  periods  during  the  winter  months,  and  made  sev- 
eral measurements  of  discharge.  They  had  also  developed  a 
satisfactory  rating  curve  for  the  channel  at  Hamilton,  for  stages 
up  to  about  twenty  feet,  and  had  made  a  number  of  low  water 
discharge  measurements  at  Dayton. 

In  addition  to  the  above,  a  few  records  of  maximum  flood 
heights  at  Dayton  were  available  in  the  early  histories  and  news- 
papers of  the  Miami  Valley. 

Dayton  was  made  a  regular  Weather  Bureau  station  in 
August,  1911.  From  that  time  the  usual  meteorological  records 
taken  at  such  stations  were  available  for  Dayton,  including  the 
automatic  records  of  sunshine,  wind  velocity,  wind  direction, 
and  precipitation,  made  by  the  triple  register,  as  well  as  the 
records  of  barometric  pressure,  relative  humidity,  temperature, 
and  the  like. 

STATIONS  ESTABLISHED    SINCE  1913 

The  river  records  being  secured  in  1913  were,  of  course, 
inadequate  for  the  flood  prevention  studies.  While  the  rainfall 
records  were  fairly  satisfactory  for  investigations  involving  the 
entire  drainage  area,  they,  also,  were  inadequate  for  the  inten- 
sive studies  which  would  be  required  for  the  smaller  tributaries. 
Consequently  steps  were  at  once  taken,  in  cooperation  with  the 
U.  S.  Weather  Bureau,  to  secure  additional  stations. 

During  the  years  1913  and  1914  sixteen  new  stations  were 
established  as  follows : 

1.  Rainfall  stations,  established  by  the  U.  S.  Weather  Bu- 
reau, at  New  Carlisle,  Lake  View,  Versailles,  St.  Paris,  Mt. 
Healthy,  Fernbank,  and  Germantown. 

2.  Rainfall  and  river  stations,  established  by  the  Dajrton 
Flood  Prevention  Committee  in  cooperation  with  the  U.  S. 
Weather  Bureau  and  maintained  by  the  Weather  Bureau,  as 
follows : 

Sidney — On  the  Miami  River 
Tadmor — On  the  Miami  River 
West  Milton — On  the  Stillwater  River 
Springfleld — ^On  the  Mad  River 

3.  River  stations  established  by  the  Dayton  Flood  Preven- 
tion Committee: 

Germantown — On  Twin  Creek 

Wright — ^On  Mad  River 

Seven  Mile — On  Seven  Mile  Creek 
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Four  Mile — On  Four  Mile  Creek 
Springfield — On  Buck  Creek 

Since  1914  additional  rainfall  stations  have  been  established 
by  the  U.  S.  Weather  Bureau  at  Oxford,  West  Manchester, 
Eaton,  Xenia,  and  Marysville. 

A  rainfall  station  was  established  by  the  Weather  Bureau 
at  Woodstock  in  Augrust,  1916,  but  owing  to  the  difficulty  of 
securing  satisfactory  records  the  station  was  discontinued  a  few 
months  later.  The  Dajrton  Flood  Prevention  Committee  estab- 
lished a  rainfall  station  at  Moraine  Park,  about  five  miles  south 
of  Dayton,  in  March,  1915. 

In  the  fall  of  1915  the  Miami  Conservancy  District,  which 
had  taken  over  the  work  of  the  Dayton  Flood  Prevention  Com- 
mittee, established  a  river  station  on  Loramie  Creek  at  Lock- 
ington.  In  the  spring  of  1916,  after  the  retarding  basin  plan  of 
flood  control  had  been  decided  upon,  the  District  established 
eleven  new  river  stations  as  follows : 

Fort  Loramie-*-On  Loramie  Creek 
Newport — On  Loramie  Creek 
Troy — ^On  Miami  River 
Tippecanoe  City — On  Miami  River 
Miamisburg — On  Miami  River 
Franklin — On  Miami  River 
Middletown — On  Miami  River 
Pleasant  Hill — ^On  Stillwater  River 
Medway — On  Mad  River 
InTOmar — On  Twin  Creek 
Dayton— On  Wolf  Creek 

The  stations  on  Loramie  and  Twin  Creeks,  on  the  Stillwater 
and  Mad  Rivers,  and  the  Troy  and  Tippecanoe  City  stations  on 
the  Miami  River,  were  located  within  the  proposed  retarding 
basins.  The  primary  purpose  in  establishing  these  was  to  se- 
cure records  of  flood  heights,  before  the  dams  were  started, 
for  use  in  settling  questions  that  may  arise  when  construction 
work  is  finished.  The  stations  on  Wolf  Creek  and  on  the  lower 
Miami  River,  at  Miamisburg,  Franklin,  and  Middletown,  were 
established  primarily  for  use  in  flood  forecasting.  A  sta- 
tion on  the  Miami  River  at  Elizabethtown,  near  the  mouth  of 
the  river,  was  established  for  the  same  purpose  in  June,  1918. 
A  station  on  the  Miami  at  New  Baltimore  was  established  by 
the  Local  Weather  Bureau  Office  at  Cincinnati,  January  14, 1916, 
for  use  in  forecasting  flood  stages  on  the  Ohio  River. 
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The  U.  S.  Engineer  Office,  First  Cincinnati  District,  estab- 
lished a  river  station  on  the  Miami  at  Venice  in  June,  1915,  and 
maintained  records  until  July  1,  1920.  At  that  time  the  Con- 
servancy District  established  a  gage  and  continued  the  records. 

In  the  summer  of  1918,  after  the  construction  of  the  flood 
prevention  works  had  gotten  under  way,  the  Miami  Conservancy 
District  established  river  and  rainfall  stations  at  the  German- 
town,  Englewood,  Taylorsville,  and  Huflfman  Dams,  a  rainfall 
station  at  the  Lockington  Dam,  and  also  installed  rain  gages  at 
the  Fort  Loramie,  Pleasant  Hill,  and  Ingomar  stations.  A  river 
gage  was  installed  at  Miller's  Ford,  just  south  of  Dayton,  in 
August,  1919,  for  use  in  determining  discharges  at  Dayton  dur- 
ing the  progress  of  the  river  improvement  work,  since  this  work 
affected  the  rating  curve  for  the  Main  Street  section  where  the 
gage  has  always  been  located. 

Figure  1,  page  17,  shows  the  gaging  stations  being  maintained 
in  September,  1919.  Diflferent  symbols  are  used  to  dis- 
tinguish between  the  rainfall,  river  and  rainfall,  and  river  sta- 
tions, but  no  distinction  is  made  between  stations  maintained 
by  the  U.  S.  Weather  Bureau  and  those  maintained  by  the  Miami 
Conservancy  District.  Table  1  gives  pertinent  data  relating  to 
the  various  river  stations,  including  the  authorities  maintaining 
the  records.  Figure  2  shows  the  station  on  Loramie  Creek  at 
Lockington. 

A  cable  station,  for  use  in  measuring  the  larger  floods,  was 
installed  by  the  District  at  Taylorsville,  about  two  miles  south 
of  the  Tadmor  station,  in  May,  1916.  A  view  of  this  station  is 
shown  in  figure  3.  The  old  Miami  and  Erie  Canal  crosses  the 
valley  on  a  fill  at  this  place,  thus  causing  the  entire  flow  during 
large  floods  to  be  contracted  from  a  width  of  about  a  half  mile  to 
a  width  of  about  280  feet. 

Automatic  recording  river  gages,  of  the  electric  transmission 
type,  were  installed  by  the  District  at  the  Dayton  and  Hamilton 
stations  in  the  spring  of  1917.  These  gages  are  located  in  the 
offices  of  the  District  and  consequently  furnish  accessible  infor- 
mation regarding  river  stages  at  all  times. 

Four  small  plats,  where  the  rainfall,  runoff,  and  soil  absorp- 
tion could  be  measured,  were  established  at  Moraine  Park,  about 
five  miles  south  of  Dasrton,  in  March,  1915.  A  standard  rain 
gage  was  installed  at  the  writer's  residence  in  June,  1916 ;  and  a 
second  gage  was  installed  under  the  trees  at  the  same  place  in 
July,  1919,  in  order  to  determine  the  amount  of  rainfall  inter- 
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cepted  by  trees.  Plats  similar  to  those  at  Moraine  Park  were 
established  at  the  Taylorsville  Dam  in  July,  1920,  so  that  rain- 
fall and  runoff  experiments  could  be  carried  on,  using  a  sprink- 
ling can  to  reproduce  rainfall  effects. 

RECORDS   BEING  SECURED 

Daily  rainfall  records,  including  notes  regarding  the  times 
of  beginning  and  ending  of  the  rain,  are  being  secured  at  all  but 
one  or  two  of  the  rainfall  stations  shown  in  figure  1.  In  addi- 
tion, automatic  graphical  records  of  rainfall  and  river  stage  are 
being  secured  at  Dayton.  Similar  automatic  rainfall  records 
are,  of  course,  being  taken  at  several  regular  Weather  Bureau 
stations  surrounding  the  Miami  Valley,  such  as  Cincinnati,  In- 
dianapolis, Fort  Wayne,  Columbus,  and  Toledo.  Daily  records 
of  gage  heights  are  being  secured  at  all  river  stations  except 
New  Baltimore  and  the  one  on  Wolf  Creek,  where  only  flood 
records  are  being  secured. 

The  daily  river  and  rainfall  observations  taken  at  the  Weather 
Bureau  stations  are  recorded  on  the  usual  forms  and  are  reported 
at  the  end  of  each  month.  Observers  at  some  of  the  stations 
shown  on  figure  1  send  their  reports  to  the  local  Weather  Bu- 
reau ofSce  at  Dayton.  The  others  report  to  the  office  at  Colum- 
bus. Observations  taken  at  the  Miami  Conservancy  District's 
stations  are  recorded  on  postal  card  forms  and  are  mailed  to 
the  headquarter's  office  at  Dayton  at  the  end  of  each  week. 

Special  highwater  readings  of  the  river  gages,  for  use  in 
determining  flood  hydrographs,  are  being  secured  by  the  District 
at  the  following  stations : 

Sidney — On  the  Miami  River 

Piqua — On  the  Miami  River 

Tadmor — On  the  Miami  River 

Miamisburg — On  the  Miami  River 

Franklin — On  the  Miami  River 

Middletown — ^On  the  Miami  River 

Lockington — On  Loramie  Creek 

West  Milton — On  Stillwater  River 

Springfield — On  Buck  Creek 

Springfield — ^On  Mad  River 

Wright — On  Mad  River 

Dayton— On  Wolf  Creek 

Germantown — On  Twin  Creek 

Seven  Mile — On  Seven  Mile  Creek 

Four  Mile — On  Four  Mile  Creek 
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In  general,  these  readings  are  taken  every  hour  during  the 
rising  flood,  every  two  hours  during  the  day  following  the  time 
of  maximum  stage,  and  then  three  times  each  day  until  the  water 
has  fallen  to  about  the  stage  existing  before  the  rise  began.  Each 
day's  readings  are  recorded  on  a  special  postal  card  form  and 
mailed  to  the  headquarter's  office  as  soon  as  possible. 

Special  reports  from  the  greater  number  of  both  river  and 
rainfall  stations,  for  use  in  forecasting  flood  heights,  are  made 
direct  to  the  Conservancy  District  during  critical  periods,  as 
well  as  to  the  Weather  Bureau.  These  reports  are  made  by  tele- 
phone or  telegraph  as  soon  as  the  rainfall  amounts  to  0.70  of  an 
inch,  provided  it  has  fallen  in  24  hours  or  less ;  or  whenever  there 
is  a  sudden  rise  in  the  river  stage  amounting  to  three  feet  or 
more.  A  confirmation  of  each  report  is  made  by  mail  as  soon 
as  the  message  has  been  telegraphed  or  telephoned.  These  re- 
ports make  possible  the  accurate  forecasting  of  flood  conditions 
and  also  furnish  valuable  information  regarding  flood  runoff 
and  storm  rainfall. 

Rainfall  measurements  are  recorded  to  the  nearest  hundredth 
of  an  inch.  Where  the  precipitation  is  less  than  a  hundredth 
of  an  inch  the  amount  is  indicated  by  a  capital  **T"  meaning 
'^trace."  River  gage  readings  are  observed  and  recorded  to  the 
nearest  tenth  of  a  foot  at  all  stations  except  Venice.  At  Venice, 
where  the  gage  is  of  the  Mott  tjrpe,  the  observations  are  taken  to 
the  nearest  hundredth  of  a  foot. 

Readings  to  hundredths  of  a  foot  may  be  practicable  at  times 
during  ordinary  and  low  water  stages  where  the  stations  are 
equipped  with  chain  and  weight  or  Mott  gages,  or  with  vertical 
staff  gages  graduated  to  hundredths.  However,  where  the  gages 
are  of  the  vertical  staff  type,  graduated  to  tenths  only,  it  is 
doubtful  if  such  precision  is  ever  warranted,  especially  where 
the  observers  have  had  no  technical  training,  as  is  generally  the 
case.  During  flood  conditions,  or  if  there  is  a  strong  wind  blow- 
ing, the  water  will  rise  and  fall,  intermittently,  from  a  tenth  to  a 
half  a  foot  or  more ;  so  that  readings  to  hundredths,  while  me- 
chanically possible  with  certain  gages,  are  accurate  only  to 
tenths  of  a  foot  at  the  best. 

GAGES  IN  USE 

Standard  U.  S.  Weather  Bureau  rain  and  snow  gages  are  be- 
ing used  at  all  rainfall  stations.  The  regular  Weather  Bureau 
station  at  Dayton  is  also  equipped  with  tipping  bucket  gage. 
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A  chain  and  weight  river  gage  is  in  use  at  the  New  Balti- 
more station,  and  Mott  tape  gages  at  Piqua  and  Venice.  The 
other  river  stations  are  equipped  with  vertical  staff  gages.  Au- 
tomatic recording  river  gages  of  the  electric  transmission  type 
are  in  use  at  Hamilton  and  Dayton. 

The  engineers  of  the  Miami  Conservancy  District  prefer 
the  vertical  staff  gage  to  any  other  type,  leaving  out  of  consid- 
eration the  sloping  gages  which  are  so  expensive  that  they  are 
feasible  only  in  exceptional  cases.  The  principal  objection  to 
the  chain  and  weight  gage  is  that  the  chain  gradually  stretches, 
thus  requiring  the  continual  checking  of  the  chain  length  and 
the  correcting  of  the  observer's  reports.  Another  objection, 
which  applies  also  to  the  Mott  gage,  is  that  the  boxes,  having  a 
somewhat  mysterious  appearance,  are  frequently  broken  into 
and  the  gages  damaged. 

DISCHARGE  MEASUREMENTS 

Measurements  of  discharge  are  made  by  the  District  at  all 
river  stations  in  the  valley  except  New  Baltimore  and  the  Ger- 
mantown,  Englewood,  Taylorsville,  and  Huffman  dams.  Meas- 
urements are  not  made  at  these  places  since  they  are  close  to  the 
other  stations  and  since  the  conditions  due  to  the  construction 
work  are  unfavorable  for  the  securing  of  accurate  data.  The 
station  at  Venice  was  well  rated  by  the  engineers  of  the  War 
Department,  First  Cincinnati  District,  during  the  flood  of  July, 
1915. 

Measurements  are  made  during  flood  periods  and  more  or 
less  periodically  during  normal  or  low  water  conditions.  They 
serve  to  determine  the  relations  between  gage  heights  and  dis- 
charge, thus  enabling  the  calculation  of  station  rating  tables  and 
the  compilation  of  daily  stream  flow  records.  Moreover,  the 
inspections  by  the  hydrographers  furnish  checks  on  the  accuracy 
of  the  observer's  readings  and  also  supply  information  regarding 
channel  conditions,  effects  of  vegetation  on  stages,  and  the  like. 

Periodic  measurements  of  discharge  are  also  made  on  var- 
ious artificial  channels,  carrying  water  for  industrial  use,  as 
follows : 

Miami  and  Erie  Canal  north  of  Fort  Loramie  * 

Miami  and  Erie  Canal  Feeder  at  Sidney 

Tail  Race  at  Slusser-McLean  Company's  Plant  at  Sidney 

Miami  and  Erie  Canal  at  Lockington 

Miami  and  Erie  Canal  Feeder  north  of  Lockington 
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Miami  and  Erie  Canal  at  Piqua 

Tail  Race  at  Waterworks  Pumping  Plant  at  Piqua 

Miami  and  Erie  Canal  at  Troy 

Mill  Race  at  Troy 

Miami  and  Erie  Canal  at  Tippecanoe  City 

Head  Race  at  Tranchant  &  Finnell  Mills  at  Osborn 

Miami  and  Erie  Canal  Feeder  at  Findlay  Street,  Dajrton 

Miami  and  Erie  Canal  Feeder  Wasteway  below   Findlay 

Street,  Dayton 
Miami  and  Erie  Canal  at  Warren  Street,  Dayton 
Dayton  Hydraulic  Company's  Canal  at  Findlay  Street,  Dayton 
Miami  and  Erie  Canal  at  West  CarroUton 
Hydraulic  Canal  at  West  CarroUton 
Miami  iand  Erie  Canal  at  Miamisburg 
Tail  Race  at  Grove  &  Weber  Co/s  Plant,  Miamisburg 
Tail  Race  at  Ohio  Paper  Co/s  Plant,  Miamisburg 
Tail  Race  at  Miamisburg  Paper  Co/s  Plant,  Miamisburg 
Miami  and  Erie  Canal  at  Franklin 
Hydraulic  Canal  at  Franklin 
Miami  and  Erie  Canal  at  Middletown 
Hydraulic  Canal  at  Middletown 
Miami  and  Erie  Canal  at  Hamilton 
Hydraulic  Canal  above  Reservoir  at  Hamilton 
Hydraulic  Canal  at  Niles  Tool  Works,  Hamilton 
Old  River  at  Hamilton 

Head  Race  at  Bentel  Margedant  Plant,  Hamilton 
Wasteway  at  Ohio  Electric  Power  Plant,  Hamilton 

These  measurements  furnish  the  information  needed  in  ben- 
efit and  damage  assessments  as  well  as  in  design  of  local  channel 
improvements.  They  also  furnish  the  additional  data  needed  in 
calculating  total  runoff  at  river  stations.  Gagings  at  some  of  the 
above  sections  have  recently  been  discontinued  due  to  changes 
made  in  connection  with  the  construction  work. 

All  gagings  are  made  with  the  small  Price  current  meter, 
combination  type,  using  the  penta  commutator  whenever  the 
velocities  are  so  high  that  single  revolutions  of  the  meter  cannot 
be  accurately  counted.  Observations  are  taken  by  the  two-point 
method  whenever  feasible.  During  low  water  conditions  meas- 
urements are  made  by  wading,  using  the  six-tenths  depth  method 
if  the  water  is  less  than  two  feet  deep.  During  floods  it  is  fre- 
quently necessary  to  resort  to  the  surface  method.  In  such 
cases  coefficients  of  from  0.8  to  0.9  are  used  to  reduce  the  surface 
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velocities  to  mean  velocities,  the  particular  coefficient  used  in 
a  given  case  being  determined  from  a  study  of  vertical  velocity 
curves  taken  at  the  given  station.  Stay  lines  have  been  used 
in  some  cases. 

The  two-point  method  of  measurement  has  been  tested  by 
about  fifty  vertical  velocity  curves,  taken  at  various  locations 
among  the  fifty  odd  gaging  stations,  in  artificial  as  well  as 
natural  channels.  The  average  of  the  ratios  of  the  velocity  by 
the  two-point  method  to  the  velocity  determined  from  the  curve 
was  found  to  be  0.994 ;  the  average  error  of  the  two-point  method, 
obtained  by  averaging,  arithmetically,  the  differences  between 
the  ratios  and  unity,  was  1.24  per  cent ;  and  the  maximum  error 
for  a  single  curve  was  7.5  per  cent. 

Gage  readings  are  taken  before  and  after  each  measurement, 
to  the  nearest  half  tenth  of  a  foot  wherever  practicable.  Sound- 
ings are  recorded  to  the  nearest  tenth.  Observations  are  taken 
in  at  least  ten  but  not  more  than  twenty  vertical  sections  during 
each  gaging,  regardless  of  the  width  of  the  stream.  If  the  ve- 
locity varies  greatly  across  the  stream  the  sections  are  spaced 
closer  together  than  usuaU 

In  computing  discharges  from  field  notes  the  velocities  and 
depths  measured  in  a  given  vertical  are  assumed  to  represent 
average  conditions  in  a  width  of  channel  extending,  on  each  side, 
half  way  to  the  adjacent  verticals.  This  method  has  been  found 
to  give  fully  as  satisfactory  results  as  the  method  of  averaging 
velocities  and  depths  in  adjacent  vertical  sections  to  get  the 
average  conditions  in  the  width  of  channel  between  sections. 
The  latter  method  requires  two  operations  not  necessary  in  the 
former. 

Current  meters  are  rated  at  least  once  each  year,  more  fre- 
quently if  necessary.  However,  the  experience  of  the  Miami 
Conservancy  District  has  been  that  the  ratings  of  individual  in- 
struments, where  the  instruments  have  received  proper  care, 
seldom  differ  more  than  one  or  two  per  cent  from  the  composite 
table  furnished  by  the  manufacturers. 

The  meters  were  formerly  rated  by  the  Bureau  of  Standards 
at  Washington.  Recently,  however,  they  have  been  rated  in  the 
river  at  Dayton,  at  a  location  just  above  an  old  concrete  dam, 
where  still  water  exists.  Ratings  are  made  with  the  meters  sus- 
pended by  cables  and  held  in  place  by  lead  torpedo  weights,  the 
conditions  being  made  as  nearly  as  .possible  like  those  under 
which  the  meters  are  used. 
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STREAM  FLOW  RECORDS 

Daily  stream  flow  records  are  being  compiled  for  the  follow- 
ing stations : 

Sidney — On  the  Miami  River 

Piqua— On  the  Miami  River 

Tadmor — On  the  Miami  River 

Dayton — On  the  Miami  River 

Franklin— On  the  Miami  River 

Hamilton — On  the  Miami  River 

Venice — On  the  Miami  River 

Lockington — On  Loramie  Creek 

Pleasant  Hill— On  Stillwater  River 

West  Milton— On  Stillwater  River 

Springfield — On  Buck  Creek 

Springfield— On  Mad  River 

Wright— On  Mad  River 

Germantown — On  Twin  Creek 

Seven  Mile— On  Seven  Mile  Creek 

Four  Mile— On  Four  Mile  Creek 
The  records  are  tabulated  on  forms  similar  to  those  used 
by  the  U.  S.  Geological  Survey,  one  sheet  being  used  for  each 
year  at  each  station.  These  sheets  give  the  daily  stages  and  dis- 
charges, the  mean  monthly  discharges  in  second  feet  and  in  sec- 
ond feet  per  square  mile,  the  monthly  runoff  in  inches  depth 
over  the  drainage  area  and  in  acre  feet,  the  maximum  and  min- 
imum discharges  for  each  month,  the  total  runoff  for  the  year, 
and  the  mean,  maximum,  and  minimum  rates  of  runoff  for  the 
year. 

The  records  are  believed  to  be  as  accurate  as  it  is  feasible 
to  determine  such  data  on  streams  similar  to  those  in  the  Miami 
Valley.  They  are,  of  course,  more  accurate  for  the  larger 
streams  having  the  flatter  slopes  than  for  the  smaller  streams 
having  the  steeper  slopes.  The  records  for  the  Four  Mile  Creek 
station  are  more  unsatisfactory  than  those  for  any  other  station 
in  the  valley,  due  to  the  shifting  of  the  control  during  floods. 
This  shifting  occurs  during  small  rises  of  two  or  three  feet  as 
well  as  during  the  larger  floods,  owing  to  the  sand  and  gravel 
deposits  at  the  station  and  to  the  steep  slope  of  the  stream,  about 
fifteen  feet  per  mile. 

PUBLICATION  OF  DATA 

The  daily  rainfall  records  at  Weather  Bureau  stations  are 
published  by  the  U.  S.  Weather  Bureau  in  their  ''Climatological 
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Data."  The  records  at  the  Miami  Conservancy  District's  stations 
are  not  being  published. 

Daily  gage  heights  at  the  river  stations  maintained  by  the 
U.  S.  Weather  Bureau  are  published  annually  in  their  "Daily 
River  Stages  at  River  Gage  Stations  on  the  Principal  Rivers  of 
the  United  States.''  Summaries  of  discharge  measurements, 
daily  stream  flow  records,  and  descriptions  of  stations,  for  sta- 
tions where  stream  flow  records  are  being  compiled,  are  pub- 
lished by  the  U.  S.  Geological  Survey  in  their  water  supply  pa- 
pers. Records  secured  at  the  other  river  stations  are  not  pub- 
lished. Discharge  measurements  made  on  artificial  channels  are 
not  published  except  where  the  results  are  needed  to  determine 
total  runoff  at  river  stations.  In  such  cases  the  results  are  pub- 
lished in  the  U.  S.  Geological  Survey  water  supply  papers. 

The  data  on  rainfall,  runoff,  and  soil  moisture  collected  at 
Moraine  Park  is  given  in  full  in  chapter  III  of  this  volume. 
The  data  on  rainfall  intercepted  by  trees  is  given  in  chapter  VII. 

River  or  rainfall  records  secured  by  the  Miami  Conservancy 
District  and  not  published  may  be  obtained  from  the  District  at 
the  cost  of  blue  printing. 


CHAPTER  III.— MORAINE  PARK  EXPERIMENTS 

In  February,  1915,  it  was  decided  to  make  a  series  of  field 
investigations  of  precipitation,  surface  runoff,  and  soil  moisture 
at  isolated  plats  of  various  characteristics,  the  object  being  to 
obtain  data  on  the  conditions  under  which  surface,  or  flood,  run- 
off takes  place.  For  this  purpose  four  small  experimental  plats 
were  located  in  an  orchard  at  Moraine  Park,  the  home  of  Colonel 
E.  A.  Deeds,  about  five  miles  south  of  Dayton.  It  was  recognized, 
of  course,  that  these  plats  were  too  small  and  too  few  in  number 
to  be  representative  of  the  average  conditions  throughout  the 
Miami  Valley.  In  fact,  it  was  known  that  the  conditions  are  not 
typical.  The  area  just  south  of  Dayton  consists  of  deep  glacial 
deposits  of  sand  and  gravel,  covered  with  a  thin  layer  of  surface 
soil,  in  the  form  of  comparatively  steep  eskers  and  moraines; 
while  the  areas  north  of  Dayton  are  slightly  rolling  glaciated 
areas  with  deeper  surface  soil  underlaid  by  materials  of  various 
nature  and  geological  age.  However,  it  was  thought  that  if  a 
detailed  study  could  be  given  to  the  rainfall  and  runoff  condi- 
tions at  selected  places,  by  experienced  observers,  valuable  infor- 
mation regarding  the  laws  of  runoff  could  be  secured. 

For  a  study  of  the  laws  of  runoff  and  the  relation  of  runoff 
to  rainfall  small  experimental  plats  possess  certain  definite  ad- 
vantages over  the  much  larger  drainage  areas  which  exist  above 
the  stream  gaging  stations.  For  instance  the  slopes  of  the 
ground  surface  within  the  plats,  as  well  as  the  character  of  the 
soil  and  surface  covering,  can  be  accurately  determined  without 
making  elaborate  and  costly  surveys.  In  fact,  the  plats  may  be 
located  so  that  definite  comparisons  can  be  secured  between  the 
runoff  from  areas  having  different  surface  conditions.  Cer- 
tain questionable  features  pertaining  to  the  larger  areas  arc- 
practically  eliminated  in  the  smaller,  such  as  the  absorption  of 
runoff  by  the  soil  before  it  reaches  the  drains  and  the  amount 
of  runoff  contributed  by  the  ground  water  storage. 

While  the  Moraine  Park  experiments  d'o  not  furnish  conclusive 
evidence  on  all  phases  of  the  subject,  it  is  believed  that  the  re- 
sults are  worthy  of  presentation. 

3S 
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DESCRIPTION  OF  PLATS 

Four  plats,  each  five  feet  square,  are  located  in  open  places 
in  the  orchard,  two  on  level  ground  and  two  on  a  hillside,  the 
two  sets  being  about  a  hundred  feet  apart,  and  the  two  plats  of 
each  set  being  about  ten  feet  apart.  A  standard  rain  gage  was 
installed  near  each  set.  The  plats  on  the  hillside  were  placed 
where  the  slope  of  the  ground  is  about  eighteen  feet  per  hundred. 
One  plat  on  the  hillside  and  one  on  the  level  ground  were  located 
where  the  surface  covering  is  a  heavy  blue  grass  sod.  The  other 
two  were  located  where  the  sod  had  been  removed  leaving  the 
soil  bare. 

The  upper  two  feet  of  soil  on  the  hillside  is  a  yellow,  sandy 
loam  containing  some  clay  and  gravel ;  the  upper  two  feet  where 
the  level  plats  were  established  is  a  similar  material  except  that 
it  contains  a  larger  proportion  of  gravel.  At  both  places  the 
upper  foot  contains  considerable  humus.  Of  course  the  soil  under 
the  blue  grass  covering  is  practically  full  of  roots,  some  of  which 
extend  to  depths  of  2  feet  or  more.  The  material  underljring  the 
2-foot  layer  of  loam,  in  both  cases,  is  a  mixed  sand  and  gravel  of 
glacial  origin.  On  the  hillside  there  is  a  fairly  definite  division 
between  the  loam  and  the  underlying  deposits.  On  the  level 
ground  the  proportion  of  sand  and  gravel  increases  more  or  less 
uniformly  with  the  depth  below  the  surface  until  a  depth  of 
about  two  feet  is  reached.  Below  this  depth  the  amount  of  silt 
and  clay  present  is  negligible. 

Mechanical  analyses  of  typical  samples  of  the  surface  soil 
taken  on  the  level  and  on  the  hillside  showed  that  the  propor- 
tion retained  on  a  quarter  inch  sieve  is  about  30  per  cent,  by 
weight,  for  the  former  and  about  7.5  per  cent  for  the  latter.  The 
analyses  of  the  portions  passing  the  quarter  inch  sieve,  made  by 
the  Bureau  of  Soils,  U.  S.  Department  of  Agriculture,  gave  the 
following  results: 

Percentage  by  Weisfat 
Level  Hillside 

Fine  gravel,  2  to  1  mm 3.0  2.6 

Coarse  sand,  1  to  0.5  mm 11.8  9.8 

Medium  sand,  0.5  to  0.25  mm 12.2  9.0 

Fine  sand,  0.25  to  0.10  mm 29.6  28.0 

Very  fine  sand,  0.10  to  0.05  mm 7.4  8.7 

Silt,  0.05  to  0.005  mm -—     19.6  24.0 

Clay,  less  than  0.005  mm L—     16.4  18.0 

The  plats  were  isolated  from  the  adjacent  ground  by  corru- 
gated iron  strips  set  into  the  ground  about  eight  inches  and  ex- 
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tending  above  the  ground  about  four  inches.  In  setting  these 
strips  care  was  taken  not  to  disturb  the  ground  inside  the  plats. 
Concrete  was  placed  around  the  outside  of  the  corners  so  as  to 
prevent  leakage  at  the  joints.  Of  course  it  is  quite  possible  that 
some  water  may  creep  down  the  inside  edges  of  the  iron  strips 
thus  slightly  increasing  the  soil  percolation. 

A  galvanized  iron  tank,  eighteen  inches  in  diameter  and  four 
feet  deep,  to  catch  the  surface  runoff,  was  set  in  the  ground 
just  outside  the  lower  corner  of  each  plat,  and  was  connected 
with  the  inside  of  the  plat  by  a  joint  of  three-inch  sewer  pipe, 
laid  in  concrete.  A  wire  screen,  to  keep  out  vermin,  was  fas- 
tened over  the  upper  end  of  each  sewer  pipe.  The  tanks  were 
tested  and  found  to  be  water-tight  before  being  installed;  and 
were  tested  at  intervals  after  installation,  no  leaks  being  found 
at  any  time.  They  were  provided  with  suitable  tight  fitting 
covers  so  that  no  water  except  surface  runoff  from  the  plats 
could  be  caught,  and  so  that  the  evaporation  within  the  tanks 
would  be  reduced  as  much  as  possible.  The  capacity  of  each  tank 
is  equivalent  to  a  runoff  of  about  3.0  inches  depth  over  the  plat 
with  which  it  is  connected. 

Some  trouble  was  encountered  at  times  due  to  leaves  stop- 
ping up  the  screens  and  causing  the  runoff  to  spill  over  the  tops 
of  the  iron  strips.  This  occurred  mostly  at  the  plat  on  the  hill- 
side having  the  bare  soil  surface.  The  screens  were  later  re- 
placed by  wire  mesh  having  openings  about  three-eighths  of  an 
inch  square,  after  which  more  satisfactory  records  were  obtained. 

The  work  of  establishing  the  plats  and  installing  the  gages 
was  completed  March  4,  1915,  and  the  measurements  were  be- 
gun the  following  day. 

METHODS  OF  MEASUREMENT 

Measurements  of  rainfall,  runoff,  and  soil  moisture  have 
been  made  more  or  less  regularly  since  the  plats  were  estab- 
lished. The  endeavor  has  been  to  secure  observations  just  before 
and  just  after  each  rain,  and  also  to  secure  measurements  of 
soil  moisture  once  or  twice  a  week  between  rains,  to  determine 
the  rates  of  drying  of  the  soil.  Owing  to  the  pressure  of  other 
work  it  has  not  always  been  possible  to  adhere  strictly  to  the 
above  plans.  Observations  were  also  discontinued  for  short 
intervids  during  the  winter  months,  as,  for  instance,  during  the 
severe  winter  of  1917  and  1918.  During  the  first  year  the  soil 
moisture  determinations  were  made  rather  irregularly.    Some- 
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times  samples  were  taken  to  depths  of  18  or  24  inches,  but  more 
frequently  they  were  only  taken  to  depths  of  12  inches.  Since 
March,  1916,  however,  samples  have  been  taken  systematically 
to  depths  of  24  inches. 

Where  precipitation  occurred  on  two  or  more  days  between 
successive  readings  of  the  gages  it  is  possible  to  estimate  the 
daily  amounts  at  Moraine  Park  from  the  daily  records  taken  by 
the  U.  S.  Weather  Bureau  at  Dajrton.  While  such  estimates  may 
be  considerably  in  error  during  summer  thunder-storms  it  is 
not  believed  that  they  are  greatly  in  error  at  other  times.  Val- 
uable information  regarding  intensities  of  rainfall  is  also  fur- 
nished by  the  graphical  automatic  records  being  secured  at  the 
Dajrton  Weather  Bureau  station.  Notes  regarding  rainfall  and 
runoff  conditions  were  made  by  the  writer  at  his  home  in  Carr- 
monte,  about  two  miles  north  of  Moraine  Park. 

Rainfall  measurements  were  made  in  the  usual  manner,  that 
is,  using  the  regular  rain  gage  measuring  sticks.  The  amounts 
of  runoff  were  determined  by  measuring  distances  from  the  tops 
of  the  cans  down  to  the  water  surfaces,  using  yard  sticks,  and 
reading  distances  to  eighths  of  an  inch.  A  depth  in  the  can  of 
an  eighth  of  an  inch  corresponds  to  a  depth. over  the  plat  of 
about  0.009  of  an  inch. 

The  amount  of  moisture  in  the  soil,  under  the  sod  and  under 
the  bare  surface,  was  determined  by  taking  samples,  weighing 
them,  drying,  and  reweighing.  Samples  weighing  about  a  kil- 
ogram, or  libovt  two  pounds,  were  taken  at  intervals  of  about 
six  inches  in  depth  down  to  a  depth  of  about  two  feet.  During 
the  first  few  months  samples  were  taken  close  to  the  plats  on 
the  hillside  as  well  as  close  to  those  on  the  level  ground.  Slightly 
different  results  under  similar  surface  coverings  were  obtained 
at  the  two  places,  the  moisture  content  of  the  soil  on  the  hill- 
side generally  being  a  little  greater  than  that  of  the  soil  on 
the  level  ground.  This  was  probably  due  to  the  much  larger 
proportion  of  gravel  in  the  soil  at  the  latter  place.  Later  on 
samples  were  taken  from  beneath  the  sod  and  bare  soil  surfaces 
at  a  place  on  level  ground,  from  25  to  100  feet  southeast  of  the 
level  plats,  where  the  soil  was  very  similar  to  that  on  the  hillside. 

The  samples  were  placed  in  paper  sacks  and  dried  in  the  fur- 
nace room  at  Moraine  Park.  Harvard  scales,  reading  to  tenths 
of  a  gram,  were  used  in  weighing.  Weights  were  tested  and 
adjusted  using  standard  scales  of  known  accuracy.  The  sam- 
ples were  dried  and  reweighed  until  their  dry  weight  became 
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constant,  before  they  were  discarded.  When  the  investigations 
were  begun  it  was  attempted  to  dry  the  samples  by  leaving  them 
in  small  incubators  which  could  be  kept  at  a  constant  tempera- 
ture of  about  100''  Fahrenheit.  It  was  found,  however,  that 
owing  to  poor  air  circulation  in  the  incubators  it  required  sev- 
eral weeks  to  dry  the  samples  thoroughly.  They  were  then 
placed  in  the  furnace  room,  directly  over  the  furnace,  where  they 
dried  out  in  a  few  days;  or,  when  the  furnace  was  not  being 
used,  they  were  placed  on  shelves  above  a  small  coal  water 
heater,  which  was  used  every  morning. 

Determinations  of  the  weight  per  cubic  foot  of  the  upper 
two  feet  of  soil  were  made  December  8,  1919.  Samples  were 
taken  by  boring  down  with  a  post  hole  auger,  and  were  weighed, 
dried  and  reweighed  in  the  laboratory  at  the  headquarters  of- 
fice. The  cubical  contents  of  the  samples  were  obtained  by 
iireighing  the  amounts  of  dry  sand  of  known  density  required 
to  fill  the  holes  from  which  the  samples  had  been  taken. 


RESULTS  OF  OBSERVATIONS 

Weight  of  Soil  per  Cubic  Foot 

The  data  on  the  weight  per  cubic  foot  of  the  upper  two  feet 
of  soil  is  given  in  table  2.  Samples  1  and  4  were  taken  from 
beneath  the  bare  surface  on  the  level  ground,  where  the  samples 
for  determining  the  moisture  content  of  the  soil  have  been  taken 
regularly.  Samples  2  and  3  were  taken  from  beneath  the  sod 
surface  on  the  level  ground.  Sample  5  was  taken  from  beneath 
the  sod  surface  near  the  plats  on  the  hillside. 

Table  2. — Determinations  of  Weight  per  Cubic  Foot  of 

Moraine  Parle  Loam 


Sample 
Numoer 

Volome 

of 
Sample 

Weisht 
when 
taken 

Weiffht 

Moisture 
in  Sample 

Dry 
Weight 

Sample 

Weight 

per  cubic 

foot  when 

taken 

Weight 

per  cubic 

foot  when 

dry 

Moisture 

in 
Sample 

1 

2 
3 
4 
5 

CubiefeeC 
0.410 

0.652 

0.710 

0.510 

0.713 

Poanda 
47.1 

81.4 

85.9 

58.6 

86.3 

Pounda 
9.9 

15.4 

13.6 

8.8 
13.1 

Pounds 

37.2 
66.0 
72.3 
49.8 
73.2 

Pounds 
115 

125 

121 

115 

121 

Pounds 

91 
101 
102 

98 
108 

Percent* 

26.6 
28  3 

18.8 
17.8 
17.9 

Average. . 

1 

1 
.1 

119.4 

99.0 

20.9 

^Based  on  dry  weight. 
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It  will  be  noticed  that  there  was  about  20.9  per  cent  of 
moisture  in  the  soil  at  the  time  the  samples  were  taken;  that 
the  weight  per  cubic  foot  of  the  soil  when  taken  varied  from  115 
to  125  pounds,  averaging  119.4  pounds ;  and  that  the  weight  per 
cubic  foot  when  dry  varied  from  91  to  103  pounds,  averaging 
99.0  pounds.  In  order  to  simplify  the  calculations  an  average 
value  of  100  pounds  has  been  used  for  the  dry  weight  in  the 
studies  taken  up  later. 

When  the  samples  were  taken  there  was,  on  the  average, 
about  20.4  pounds  or  .33  of  a  cubic  foot  of  water  in  each  cubic 
foot  of  soil.  While  the  upper  two  feet  of  soil  at  that  time  was 
about  as  wet  as  it  ever  gets  under  field  conditions,  the  actual 
volume  of  the  voids  was  probably  a  little  greater  than  this.  If 
a  value  of  2.7  is  assumed  for  the  specific  gravity  of  the  soil  par- 
ticles, an  average  value  based  on  several  laboratory  determi- 
nations, the  weight  of  a  cubic  foot  of  soil  particles  would  be 
169  pounds,  the  volume  of  the  particles  in  one  cubic  foot  of  soil 
in  place  would  be  0.59  of  a  cubic  foot  and  the  volume  of  the 
voids  in  one  cubic  foot  would  be  0.41  of  a  cubic  foot.  Conse- 
quently the  maximum  amount  of  moisture  that  could  be  present 
in  the  soil  would  be  41  per  cent  by  volume  or  about  25.6  per  cent 
of  the  dry  weight. 

a 

Rainfall,  Runoff,  and  Soil  Moisture 

Table  3  gives  the  results  of  all  observations  of  rainfall,  run- 
off, and  soil  moisture,  taken  from  the  time  the  plats  were  es- 
tablished up  to  the  end  of  October,  1919,  about  four  years  and 
eight  months  in  all.  Column  1  gives  the  date  of  observations. 
Columns  2  to  5,  inclusive,  give  the  moisture  content  of  the  soil 
under  the  sod  covering,  expressed  as  percentages  of  the  dry 
weight.  Column  6  gives  the  average  moisture  content  of  the  soil 
under  the  sod  covering  calculated  from  the  data  in  columns  2 
to  5.  Columns  7  to  11,  inclusive,  give  corresponding  data  for  the 
soil  under  the  bare  surface.  Column  12  gives  the  observed  rain- 
fall. Columns  13  to  15,  inclusive,  give  the  data  on  runoff  from 
the  plats  having  the  sod  covering.  Column  13  gives  the  runoff 
from  the  level  plat,  column  14  gives  the  runoff  from  the  plat  on 
the  hillside,  and  column  15  gives  the  average  runoff  from  the 
two.  Columns  16  to  18,  inclusive,  give  similar  runoff  data  for 
the  plats  having  the  bare  soil  surface.  The  maximum  and  min- 
imum records  of  soil  moisture  are  set  in  bold  face  type  so  they 
can  be  easily  located. 
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The  rainfall  records  given  in  column  12  were  obtained  by 
averaging  the  observations  at  the  two  rain  gages,  it  being  as- 
sumed that  the  differences  in  the  two  readings  were  due  to  in- 
strumental and  observational  errors  rather  than  to  actual  dif- 
ferences in  precipitation  at  the  two  places.  The  differences  were 
small  in  all  cases,  seldom  exceeding  0.05  of  an  inch,  except  in 
cases  where  the  gages  had  not  been  read  for  some  time  or  where 
the  precipitation  had  occurred  as  snow. 

The  data  given  in  table  3  is  shown  graphically  in  figures 
4  to  8,  inclusive,  each  calendar  year's  records  being  shown  on 
a  separate  sheet.  The  rainfall  and  runoff  records,  in  inches 
depth,  are  platted  as  vertical  bars  in  the  upper  parts  of  the 
diagrams,  whenever  the  depth  amounted  to  or  exceeded  a  tenth 
of  an  inch.  The  occurrences  of  amounts  less  than  a  tenth  of  an 
inch  are  indicated  by  small  circles.  In  platting  the  rainfall  the 
amounts  given  in  column  12  have  been  distributed  over  the  days 
on  which  the  precipitation  occurred,  as  shown  by  the  Dayton 
U.  S.  Weather  Bureau  records.  This  distribution  was  made  on 
the  assumption  that  the  ratio  of  the  rainfall  on  a  given  day  to 
the  total  precipitation  for  a  period  including  the  given  day  was 
the  same  at  both  locations.  While  this  assumption  may  be  con- 
siderably in  error  during  summer  thunder-showers,  as  pre- 
viously mentioned,  it  probably  is  not  seriously  incorrect  during 
the  more  steady  rains  of  the  winter  and  spring.  At  any  rate 
it  gives  the  reader  an  idea  of  the  general  distribution  of  the 
rainfall  and  of  the  dates  on  which  the  greater  part  of  the  runoff 
occurred.  Whenever  the  precipitation  occurred  in  the  form  of 
snow  a  small  "s"  has  been  placed  below  the  circle  or  line  repre- 
senting the  precipitation. 

Runoff  records  for  each  plat  are  shown,  but  the  averages  for 
the  different  types  of  surface  covering,  given  in  columns  15 
and  18  of  table  3,  are  not  platted.  The  actual  runoff  records, 
given  in  table  3,  are  platted  on  the  dates  on  which  the  observa- 
tions were  made.  No  attempt  has  been  made  to  distribute  the 
amounts  or  to  plat  them  on  the  days  on  which  they  must  have 
occurred. 

The  averages  of  the  soil  moisture  determinations  for  the 
different  types  of  surface  covering,  given  in  columns  6  and  11 
of  table  3,  are  shown  in  the  lower  parts  of  the  diagrams.  The 
percentages  are  platted  as  points,  and  the  points  are  connected 
by  lines.  The  points  representing  the  moisture  under  the  sod 
are  connected  by  continuous  lines,  and  those  representing  the 
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moisture  under  the  bare  surface  are  connected  by  dotted  lines. 
These  connecting  lines  have  been  drawn  to  aid  the  reader  in 
studying  the  soil  moisture  under  a  given  surface  cover,  from 
point  to  point  across  the  diagrams.  No  attempt  has  been  made 
to  show  the  daily  fluctuations.  The  lines  have  been  drawn  prac- 
tically straight  from  point  to  point,  whereas,  in  the  case  of  an 
increase  in  the  amount  of  moisture,  the  line,  in  order  to  show 
the  conditions  accurately,  should  have  been  drawn  on  a  slightly 
downward  slope  until  the  day  of  heavy  rainfall  and  should  then 
have  risen  more  or  less  abruptly  to  the  higher  percentage. 
Although  the  diagrams  were  prepared  by  platting  percentages 
as  ordinates  against  dates  as  abscissas,  scales  showing  the  ac- 
tual amounts  of  water  in  the  soil  in  inches  depth,  for  the  two 
foot  depth  of  soil  involved,  have  been  added  at  the  edges  of  the 
sheets. 

Notes  to  Accompany  Table  3 

On  account  of  the  condensed  form  of  table  3  it  has  not  been 
possible  to  include  descriptive  notes.  Since  such  notes  are  im- 
portant in  any  study  of  the  individual  records,  they  are  repro- 
duced, herewith,  arranged  chronologically  so  that  any  date  can 
be  easily  located.  Asterisks  have  been  inserted  in  table  3  after 
the  quantities  for  which  descriptive  notes  are  available. 

March  6,  1915. — Average  percentage  based  on  two  samples 
taken  at  this  depth. 

March  16,  1915. — ^Average  percentage  based  on  three  sam- 
ples taken  at  this  depth.  Values  given  for  depths  of  18  and 
24  inches  are  questionable  and  have  not  been  used  in  computing 
the  average. 

April  19  and  28,  1915. — Average  percentage  based  on  two 
samples  taken  at  this  depth. 

May  3,  5,  22,  and  28,  1915. — Average  percentage  based  on 
two  samples  taken  at  this  depth. 

May  30,  1915. — Runoff  was  some  greater  than  value  given, 
due  to  clogging  of  sewer  pipe. 

June  4,  1915. — Average  percentage  based  on  two  samples 
taken  at  this  depth. 

July  29,  1915. — Runoff  was  some  greater  than  value  given, 
due  to  clogging  of  sewer  pipe. 

Sept.  7,  1915. — Ground  within  these  plats  spaded  thoroughly 
to  a  depth  of  about  six  inches. 
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Nov.  30,  1915. — light  snow  on  ground.  Ground  frozen  to 
a  depth  of  about  one  inch. 

Dec.  11,  1915. — Sleeting  at  time  of  observation. 

Jan.  6,  1916. — Soil  under  bare  surface  frozen  to  a  depth  of 
about  three  inches. 

Jan.  14,  1916. — Soil  under  bare  surface  frozen  to  a  depth 
of  about  five  inches. 

Jan.  25,  1916. — Runoff  due  to  rain  falling  on  frozen  saturated 
soil  surface. 

Feb.  2,  1916. — Soil  under  the  bare  surface  frozen  to  a  depth 
of  about  two  inches. 

Feb.  17,  1916. — Soil  under  the  bare  surface  frozen  to  a 
depth  of  from  one  to  four  inches,  but  soft  on  top.  Soil  under  sod 
not  frozen. 

Feb.  28,  1916. — Soil  under  the  bare  surface  frozen  to  a 
depth  of  about  five  inches.  Soil  under  sod  frozen  to  a  depth 
of  about  four  inches. 

Mar.  9,  1916. — Ground  thawing  out. 

Mar.  16,  1916. — Soil  under  bare  surface  frozen  to  a  depth 
of  about  a  half  an  inch.  Soil  under  the  sod  frozen  to  a  depth 
of  about  an  inch.    About  six  inches  of  snow  on  the  ground. 

May  12, 1916. — Ground  within  these  plats  spaded  thoroughly 
to  a  depth  of  about  four  inches. 

June  3,  1916. — Record  probably  low  due  to  runoff  overtop- 
ping side  of  plat  at  lower  corner. 

June  19,  1916. — Surfaces  within  these  plats  covered  with  a 
dense  growth  of  white  clover  and  bluegrass  about  twelve  inches 
high. 

July  5,  1916. — Grass  and  weeds  removed  from  these  plats, 
and  ground  spaded. 

Aug.  7,  1916. — Runoff  from  sloping  plat  with  bare  soil  sur- 
face probably  low  due  to  leakage.  Grass  in  sod  covered  plats 
about  six  inches  high. 

Sept.  6,  1916. — Runoff  record  for  level  bare  soil  plat  prob- 
ably too  low  due  to  can  overflowing. 

Sept.  9,  1916. — Gravel  encountered  at  depth  of  twenty-four 
inches  under  bare  surface.  Blue  grass  in  sod  covered  plats 
three  to  six  inches  high. 

Sept.  22,  1916.— Ground  within  bare  soil  plats  spaded  to  a 
depth  of  about  three  inches.  Blue  grass  in  sod  covered  plats 
about  five  inches  high. 
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Nov.  20,  1916. — Grass  in  sod  covered  plats  about  two  inches 
loner  and  dying. 

Dec.  4,  1916. — Samples  not  taken  under  sod  on  account  of 
rain. 

Dec.  27,  1916. — Runoff  due  to  melting  snow,  and  to  rain 
falling  on  frozen  ground. 

Jan.  8,  1917. — Soil  not  frozen.  Dead  grass  from  one  to  five 
inches  long  in  sod  covered  plats. 

Jan.  22,  1917. — Soil  under  bare  surface  frozen  to  a  depth 
of  about  three  inches.  Bare  soil  plats  about  half  covered  with 
snow  about  a  half  an  inch  deep.    No  snow  on  sod  plats. 

Jan.  31,  1917. — Soil  not  frozen. 

May  6,  1917. — ^Data  questionable,  results  not  used  in  com- 
puting averages. 

May  25,  1917. — Grass  two  to  twelve  inches  long  on  sod  cov- 
ered plats.    Weeds  removed  from  bare  soil  plats. 

June  30,  1917. — Record  may  be  slightly  low  due  to  leakage. 

July  14,  1917. — Record  uncertain  due  to  clogging  of  tile  en- 
trance. 

Dec.  3,  1917. — Owing  to  the  unusually  severe  winter  weather 
no  records  were  taken  during  the  remainder  of  this  month  or 
during  the  month  of  January,  1918.  The  total  precipitation  in 
January,  two-thirds  of  which  was  snowfall,  was  3.46  inches  at 
the  Dayton  U.  S.  Weather  Bureau  Station  and  3.87  inches  at  the 
Dayton  cooperative  station. 

Feb.  11,  1918. — Snow  and  ice  practically  gone,  ground  frozen 
to  a  depth  of  about  eight  inches.  Records  of  runoff  uncertain 
due  to  overtopping  of  cans  and  due  to  water  entering  plats 
from  outside  snow  accumulations.  Precipitation  measurements 
uncertain ;  value  of  5.26  inches  given  was  observed  at  the  Day- 
ton cooperative  station. 

Feb.  26,  1918. — Record  low  due  to  can  overflowing. 

May  14,  1918. — Record  probably  low  due  to  clogging  of  tile 
entrance. 

June  26,  1918. — Placed  wire  mesh  over  entrance  to  tiles. 

July  17,  1918. — Sample  disturbed  in  drying. 

July  25,  1918. — Record  probably  low  due  to  leakage  around 
tile. 

Aug.  23  and  28,  1918. — Sample  disturbed  in  drying. 

Oct.  3,  1919. — Grass  about  eight  inches  long  on  level  sod 
covered  plat,  and  about  two  to  six  inches  long  on  sloping  sod 
covered  plat. 
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It  is  believed  that  all  records  of  soil  moisture  obtained  dur- 
ing the  summer  and  fall  of  1919  are  slightly  high  compared 
with  the  preceding  records,  due  either  to  taking  the  samples  a 
little  farther  away  from  the  plats,  where  the  soil  and  topography 
were  slightly  different,  or  to  getting  them  more  thoroughly  dried. 

Accuracy  of  the  Data 

The  data  is  believed  to  be  sufficiently  accurate  for  the  pur- 
poses for  which  it  was  collected.  Although  difficulties  were  en- 
countered, particularly  during  the  first  year,  they  were  finally 
overcome  in  most  instances. 

The  soil  samples  were  taken  for  the  purpose  of  learning 
about  how  much  water  was  in  the  ground  before  and  after  rains, 
especially  when  runoff  occurred,  rather  than  for  making  thor- 
ough studies  of  soil  moisture.  Consequently  the  records  should 
not  be  used  indiscriminately  in  any  detailed  study  of  the  subject. 
Any  individual  value  given  in  table  3  may  be  considerably  in 
error.  Due  to  the  difficulties  encountered  in  taking,  drying,  and 
weighing  the  samples,  no  single  percentage  is  probably  accurate 
to  within  less  than  one  per  cent ;  that  is,  a  value  given  as  5  might 
actually  be  4  or  6,  or  a  value  given  as  20  might  actually  be  19  or 
21.  Possibly  a  few  of  the  minimum  records  are  low  due  to  not 
getting  the  samples  entirely  dry.  It  must  also  be  remembered 
that  on  account  of  the  slight  differences  in  soil  texture  and  the 
variations  in  surface  configuration  within  the  limited  area  in 
which  the  samples  were  taken,  samples  taken  on  different  dates 
may  not  be  strictly  comparable.  Probably  this  effect  is  even 
more  important  than  the  errors  in  observation.  These  condi- 
tions, however,  are  not  so  imports^nt  in  considering  the  average 
moisture  content  of  the  upper  two  feet  of  soil,  as  given  in  col- 
umns 6  and  11  of  table  3. 

The  precipitation  records  are  believed  to  be  accurate  in  all 
cases  except  where  the  greater  part  of  the  precipitation  occurred 
as  snow.  The  two  rain  gages  were  well  located  with  respect  to 
obstructions  and  the  readings  generally  checked  to  within  .05 
of  an  inch. 

The  runoff  records  for  the  level  plats  and  for  the  sloping 
sod  plat  are  believed  to  be  as  accurate  as  the  precipitation  rec- 
ords, except  where  the  runoff  was  caused  by  the  melting  of  large 
quantities  of  snow.  There  is  no  doubt  but  that  all  of  the  runoff 
from  these  plats  entered  the  runoff  tanks  and  that  the  amounts 
were  accurately  measured.    The  depths  in  the  runoff  tanks  could 
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easily  be  measured  to  eighths  of  an  inch,  corresponding  approxi- 
mately to  hundredths  of  an  inch  on  the  plats.  The  records  for 
the  sloping  bare  soil  plat  are  somewhat  uncertain  in  several  in- 
stances, as  indicated  in  the  preceding  notes. 

SOIL   MOISTURE 

The  records  of  soil  moisture,  given  in  table  3,  furnish  in- 
teresting information  regarding  the  conditions  at  this  particular 
location  and  pertaining  to  this  particular  soil.  From  the  per- 
centages given  in  table  3  and  the  weight  per  cubic  foot  of  the 
soil,  given  in  table  2,  it  is  possible  to  discuss  the  dryest  condi- 
tion which  the  soil  ever  reaches,  the  maximum  amount  of  water 
that  the  soil  can  contain,  the  maximum  amount  that  it  can  hold 
against  the  force  of  gravity,  the  variations  throughout  the  year, 
the  amount  of  water  absorbed  during  rains,  and  the  rate  at 
which  the  ground  drys  out  after  the  rain  ceases. 

Minimum  Records 

A  study  of  the  records  given  in  table  3  shows  that  during 
the  length  of  time  covered  by  the  observations  the  soil  was  dryest 
on  August  2,  1916.  The  determinations  made  on  that  date 
showed  an  average  moisture  content  of  only  4.7  per  cent  for  the 
soil  under  the  sod  covering  and  only  3.1  per  cent  for  the  soil 
under  the  bare  surface,  amounts  corresponding  to  1.80  and  1.19 
inches,  respectively,  for  the  depth  of  two  feet  in  which  the  sam- 
ples were  taken.  Although  these  values  may  be  slightly  low 
due  to  not  getting  the  samples  thoroughly  dried,  it  is  known  from 
other  information  that  the  ground  at  this  time  was  baked  hard 
and  was  very  dry,  probably  as  dry  as  it  ever  gets.  The  water 
in  the  soil  was  probably  all  hygroscopic  water.  It  is  unlikely 
that  any  further  appreciable  evaporation  or  transpiration  could 
take  place.  Practically  all  vegetation,  including  the  larger 
bushes  and  trees,  had  been  wilting  for  several  days.  The  wilt- 
ing coefficient,  calculated  from  the  mechanical  analyses  given 
previously,  by  the  methods  explained  on  page  69  of  Bulletin  230 
of  the  Bureau  of  Plant  Industry,*  would  be  about  12.3  per  cent 
for  the  sample  taken  near  the  level  plats  and  about  13.7  per  cent 
for  the  sample  taken  near  the  sloping  plats.  Although  values 
as  high  as  these,  and  higher,  are  given  for  loam  and  clay  loam 

♦The  Wilting  Coefficient  for  Different  Plants  and  its  Indirect  Deter- 
mination, by  Lyman  J.  Briggs  and  W.  L.  Shantz,  Bulletin  230  of  the 
Bureau  of  Plant  Industry,  U.  S.  Department  of  Agriculture,  1912. 
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soils,  in  the  above  mentioned  publication,  these  values  seem 
slightly  high  for  the  Moraine  Park  soil.  Observations  showing 
values  smaller  than  these  were  made  at  several  times  when  no 
evidences  of  wilting  could  be  detected  and  when  there  was  no 
reason  to  believe  that  the  records  might  be  low.  According  to 
Bulletin  230  the  values  of  the  hygroscopic  coefficient  would  be 
0.68  times  the  values  of  the  wilting  coefficient  or  about  8.4  and 
9.3  per  cent  respectively  for  the  two  samples. 

The  records  at  the  different  depths  on  August  2,  1916,  were 
as  follows: 

Depth    in    Inches 
6  12  18  24         Ave. 

Moisture  under  sod,  percent 3.5     4.7     4.5     6.1     4.7 

Moisture  under  bare  surface,  percent.  2.1     2.8     3.5     3.9     3.1 

It  will  be  noticed  that  the  amount  of  moisture  in  the  soil 
increased  as  the  depth  increased,  for  both  types  of  surface  cov- 
ering ;  also  that  the  amount  under  the  sod  was  greater,  at  each 
depth,  than  the  amount  under  the  bare  surface.  The  percent 
ages  at  the  different  depths  were,  themselves,  minimum  values 
for  the  entire  period  of  record,  in  all  cases  except  at  the  depth 
of  24  inches  under  the  bare  surface  where  a  value  of  only  3.1 
per  cent  was  obtained  on  July  24,  1916,  the  preceding  date  on 
which  samples  were  taken.  It  is  probable,  however,  that  the 
soil  at  this  depth  was  actually  drier  on  August  2  than  on  July 
24,  and  that  the  opposite  condition  shown  by  the  data  is  due 
to  errors  in  observation  or  in  securing  comparable  samples. 

The  amount  of  moisture  in  the  soil  was  also  very  low  in 
August,  1918,  the  measurements  of  August  19  showing  the  fol- 
lowing percentages: 

Depth    in   Inches 
6  12  18  24         Ave. 

Moisture  under  sod,  percent 6.1     5.5     5.5     6.1     5.8 

Moisture  under  bare  surface,  percent-  4.5     6.9     6.9     7.9     6.5 

It  will  be  noticed  that  on  this  date  there  seemed  to  be  a  little 
more  soil  moisture  under  the  bare  surface  than  there  was  under 
the  sod.  Under  the  bare  surface  the  percentage  of  moisture 
seemed  to  increase  with  the  depth,  while  under  the  sod  it  seemed 
to  be  about  the  same  at  all  depths. 

It  is  interesting  to  note  that  Widstoe  and  McLaughlin  in 
their  experiments  in  Utah,*  found  that  in  one  instance  the 
amount  of  moisture  in  the  first  foot  of  soil  on  which  crops  were 

♦The  Movement  of  Water  in  Irrigated  Soils,  by  J.  A.  Widstoe  and 
W.  W.  McLaughlin,  Bulletin  115  of  the  Utah  Agricultural  College  Experi- 
ment Station,  Logan,  Utah,  May,  1912. 
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firrowing  was  reduced  to  5.64  per  cent,  40  days  after  irrigation ; 
and  that  the  amount  in  the  first  foot  under  the  bare  surface 
was  reduced  only  to  18.6  per  cent,  36  days  after  irrigation.  The 
value  of  5.64  per  cent  is  only  about  one  and  a  half  per  cent 
greater  than  the  minimum  Moraine  Park  record  obtained  in  the 
first  foot  of  soil  under  a  blue  grass  sod.  However,  the  value  of 
18.6  per  cent  is  rather  large  compared  with  the  value  of  about 
2.6  per  cent  obtained  under  the  bare  surface  at  Moraine  Park. 
Although  there  are  some  differences  in  soil  texture,  the  real  rea* 
sons  for.  this  wide  difference  in  evaporation  are  probably  the 
greater  percentage  of  voids  in  the  Utah  soil  and  the  differences 
in  the  climatic  conditions  at  the  two  locations.  At  Moraine  Park 
the  percentage  of  voids  in  the  soil,  by  volume,  is  only  about  41 
while  in  Utah,  where  the  above  experiments  were  made,  it  is 
about  56.  In  Utah  the  climate  is  arid,  while  in  Ohio  it  is  humid. 
The  differences  in  soil  evaporation  due  to  differences  in  cli- 
mate were  discussed  by  Buckingham  in  1907.*  He  showed  that 
a  moist  bare  soil  in  an  arid  climate  dries  out  rapidly  at  the  sur- 
face at  first,  forming  a  sort  of  a  dry  soil  mulch,  after  which  it 
dries  out  very  slowly ;  that  a  moist  bare  soil  in  a  humid  climate 
dries  out  less  rapidly  than  in  the  arid  climate  at  first,  so  that 
the  dry  mulch  effect  is  not  produced,  and  more  rapidly  later  on ; 
the  net  result  being  that  after  several  days  more  water  had 
evaporated  from  the  soil  under  humid  conditions  than  had  eva- 
porated from  the  soil  under  arid  conditions. 

Maximum  Records 

The  maximum  percentages  of  moisture  at  the  different 
depths,  as  shown  by  the  data  in  table  3,  occurred  on  different 
dates,  although  some  uncertainty  exists  in  this  connection  due 
to  the  difficulties  encountered  in  securing  comparable  samples. 
The  actual  maximum  values,  not  considering  a  few  erratic  ob- 
servations which  have  been  mentioned  in  the  notes  as  being  ques- 
tionable, are  as  follows : 

6 

Moisture  under  sod,  percent 24.8 

Moisture  under  bare  surface,  percent-  23.2 

These  values  seem  to  indicate  that  the  soil  under  the  sod  at 
a  given  depth  never  contains  more  than  about  24  per  cent  of 
moisture,  and  that  the  soil  under  the  bare  surface  never  contains 

'^Studies  on  the  Movement  of  Soil  Moisture,  by  Endear  Buckingham, 
Bulletin  38  of  the  Bureau  of  Soils,  U.  S.  Department  of  Agriculture,  1907. 
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12 

18 

24 

23.3 

23.2 

23.6 

21.8 

21.9 

21.5 
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more  than  about  22  per  cent.  In  the  preceding  discussions  it 
was  shown,  by  calculations  based  on  the  specific  gravity  of  the 
soil  particles  and  the  determinations  of  the  unit  weight  of  the 
soil  in  place,  that  the  soil  would  be  saturated  when  it  contained 
an  amount  of  moisture  equal  to  about  25.6  per  cent  of  its  dry 
weight,  an  amount  slightly  greater  than  those  given  above. 

The  records  seem  to  indicate  that  the  total  amount  of  mois- 
ture in  the  upper  two  feet  never  is  more  than  about  21  per  cent 
of  the  dry  weight  of  the  soil,  an  amount  equivalent  to  a  depth 
over  the  surface  of  8.06  inches.  Samples  were  taken  at  several 
times  during  the  months  of  January,  February,  and  March, 
when  the  soil  was  probably  as  nearly  saturated  as  it  ever  be- 
comes under  field  conditions.  The  slight  differences  in  moisture 
content  at  the  same  depth  shown  by  the  data  at  such  times  are 
probably  due  to  the  difficulties  encounter^  in  securing  compar- 
able samples  or  in  weighing  and  drying  those  taken.  The  ob- 
servations which  gave  the  maximum  average  values  for  the  up- 
per two  feet  are  as  follows : 

Depth   In  Ihoicb 
6  12  18  t4        Av«. 

Moisture  under  sod,  percent 18.2  19.7  22.8  23.4  21.0 

Moisture  under  bare  soil,  percent 19.7  21.6  21.6  21.5  21.1 

The  values  for  the  soil  under  the  sod  were  obtained  on  March 
10,  1919.  Those  for  the  soil  under  the  bare  surface  were  ob- 
tained on  March  24,  1917.  On  these  dates  the  percentile  of 
moisture  seemed  to  be  slightly  greater  at  the  greater  depths  un- 
der the  sod,  but  did  not  differ'  materially  at  the  different  depths 
under  the  bare  surface. 

The  average  value  of  21  per  cent  shown  by  the  above  data 
probably  represents  the  maximum  amount  of  water  that  can 
be  held  by  the  Moraine  Park  soil ;  that  is,  the  maximum  amount 
of  moisture  that  can  be  present  without  any  appreciable  down- 
ward percolation  due  to  gravity  taking  place, — ^the  quantity  fre- 
quently referred  to  as  the  "moisture-holding  capacity.'*  That 
this  is  true  is  indicated,  in  a  way,  by  the  observations  of  January 
24  and  February  4  and  11,  1919.  The  average  percentages  of 
moisture  found  on  these  dates  were  as  follows: 

Sod  Bare 

January  24,  1919 19.8      18.8 

February  4,  1919 19.3      17.3 

February  11,  1919 19.2       16.7 

The  total  loss  in  moisture  in  the  2-foot  depth  during  the  18 
days  from  January  24  to  February  11,  indicated  by  these  per- 
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centages,  would  be  equivalent  to  a  depth  in  inches  of  0.23  for 
the  sod  and  0.80  for  the  bare  soil.  The  total  precipitation  dur- 
ing this  period  was  0.08  of  an  inch,  thus  increasing  the  amounts 
of  moisture  to  be  accounted  for  to  0.31  and  0.88  inches,  respec- 
tively, or  to  0.017  and  0.049  inches  per  day.  As  the  weather 
during  the  greater  part  of  this  period  was  clear  with  tempera- 
tures above  freezing  and  some  wind  blowing,  it  is  quite  likely 
that  these  amounts  represent  soil  evaporation  alone  and  that 
consequently  no  material  percolation  occurred. 

While  the  amount  of  moisture  that  can  be  held  by  the  soil 
undoubtedly  varies  widely  with  its  composition  it  is  interesting 
to  note  that  Widstoe  and  McLaughlin,  in  their  investigations  in 
Utah,  previously  referred  to,  found  that  the  maximum  amount 
of  water  that  could  be  held  by  the  Greenville  soil  under  field  con- 
ditions was  a  little  less  than  24  per  cent. 

Variations  in  Soil  Moisture 

The  variations  in  the  amount  of  moisture  in  the  soil  at  Mo- 
raine Park  throughout  the  year  are  shown  graphically  by  the 
curves  in  the  lower  parts  of  figures  4  to  8,  inclusive.  The  amount 
of  moisture  under  the  sod  is  shown  by  the  continuous  lines  and 
the  amount  under  the  bare  surface  is  shown  by  the  dotted  lines. 

A  study  of  these  diagrams  shows  that  the  soil  is  generally 
dryest  in  the  late  summer  or  early  fall,  during  the  months  of 
July,  August,  or  September ;  and  wettest  in  the  late  winter  or 
early  spring,  during  the  months  of  January,  February,  or 
March.    It  has  already  been  pointed  out  that  the  minimum  val- 


Table  4. — Maximum  Percentages  of  Moisture  in  the  Upper  Two  Feet  of  Soil  at 
Moraine  Parle  Daring  the  Months  of  June,  July,  and  August 


Year 

Moisture  under  Sod 

.in% 

Moisture  under  Bare  Soil,  in  % 

June 

July 

August 

June 

July 

Aupxst 

1915 

13  3 

14.8 
17.2 
13.6 
18.0 

11.9 
8.3 
17.0 
16.4 
15  6 

■■i4;9" 
13.1 
15.0 
18.7 

14.4 

15.2 
13  3 
12.5 
19-5 

14.0 
9.0 
13.1 
13.2 
19.6 

"u.i" 

11.4 
15.8 
18.9 

1916 

1917 

1918 

1919 

ues  for  the  entire  period  of  record  were  obtained  in  the  montii 
of  August,  and  that  the  maximum  values  were  obtained  in  the 
month  of  March.     The  curves  also  show  that  the  amount  of 
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Table  5. — Minimnm  Percentages  of  Moistnre  In  the  Upper  Two  Feet  of  Soil  at 
Moraine  Parle  Daring  the  Months  of  Janaary,  Febmary,  and  March 


Ywr 

Moisture  under  Sod.-in  % 

Moisture  under  Bare  Soil,  in  % 

February 

Mareh 

January 

February 

Mareh 

1916 

16.4 
17.0 

16.6 
17.6 

18.5 
19.2 

17.8 
18.8 
16.6 
18.6 

14.4 
16.1 

"isis" 

14.9 
16.8 
18.9 
16.7 

15.9 

17.8 
18.1 
17.2 

1917 

1918 

1919 

is. 6 

moisture  gradually  increases  in  the  fall,  during  the  months  of 
October,  November,  and  December ;  that  it  does  not  change  much 
during  the  winter  months,  even  in  the  absence  of  rainfall;  and 
that  it  begins  to  diminish  appreciably  in  the  spring,  during  the 
months  of  April  or  May,  due  to  the  requirements  of  plants  and  the 
higher  rates  of  soil  evaporation,  both  of  which  are  brought  about 
by  the  higher  temperatures. 

In  the  summer  months  the  moisture  absorbed  during  rains 
is  rapidly  consumed  by  transpiration  and  soil  evaporation,  as 
soon  as  the  rain  ceases,  until  the  ground  becomes  so  dry  that 
capillary  movement  of  the  moisture  practically  ceases  or  until 
the  amount  of  available  moisture  is  replenished  by  additional 
rainfall.  The  rates  of  soil  evaporation  and  transpiration  are 
so  high  that  the  upper  two  feet  of  soil  at  Moraine  Park  seldom, 
if  ever,  becomes  filled  with  capillary  water  during  the  months 
of  June,  July,  and  August,  even  though  the  rainfall  may  be  con- 
siderably greater  than  normal.  The  maximum  percentages 
found  during  these  months,  shown  by  the  data  in  table  3,  are 
given  in  table  4. 

It  will  be  noticed  that  the  maximum  amount  of  capillary 
water  that  the  soil  can  contain,  shown  by  the  preceding  discus- 
sions to  be  about  21  per  cent,  was  not  reached  during  any  one 
of  the  months  given  in  table  4 ;  although  the  percentages  were 
rather  high  in  the  case  of  the  bare  soil  in  the  summer  of  1919. 
However,  it  is  believed  that  the  records  obtained  during  the 
summer  and  fall  of  1919  are  slightly  high  compared  with  those 
taken  previously.  The  rainfall  was  considerably  greater  than 
normal  during  the  month  of  July,  1915,  when  it  amounted  to 
5.80  inches ;  during  the  month  of  August,  1916,  when  it  amounted 
to  5.98  inches;  and  during  the  month  of  June,  1917,  when  it 
amounted  to  6.11  inches,  the  normal  amounts  for  these  months 
at  the  Dayton  Weather  Bureau  station  being  3.28,  3.01,  and  3.96 
inches  respectively. 
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During  the  months  of  January,  February,  and  March  the 
amount  of  moisture  in  the  soil,  even  under  the  most  favorable 
conditions,  seldom  gets  much  below  the  maximum  capillary 
amount,  since  plant  requirements  are  nil  and  soil  evaporation 
is  very  low.  The  minimum  percentages  obtained  during  these 
months  are  given  in  table  5.  Records  obtained  in  March,  1915, 
are  not  included  since  the  work  had  hardly  become  organized 
at  that  time. 

It  will  be  noticed  that  while  these  values  are  all  somewhat 
lower  than  the  maximum  capillary  value  of  21  per  cent,  they 
are  all  considerably  higher  than  the  minimum  values  of  from 
3  to  10  per  cent  which  generally  occur  during  the  summer 
months.  No  records  were  obtained  during  the  month  of  Jan- 
uary, 1918,  due  to  the  unusually  severe  winter  weather  at  that 
time.  It  is  known  from  other  observations,  however,  that  the 
upper  foot  of  soil  became  practically  saturated  during  the  pe- 
riod from  December  21  to  29  due  to  the  melting  of  about  9 
inches  of  snow;  also  that  the  ground  froze  before  this  water 
could  percolate  to  a  greater  depth,  and  remained  frozen  until 
the  thawing  period  which  began  February  6. 

It  will  be  noticed  from  the  curves  in  figure  8  that  during 
the  months  of  January  and  February,  1919,  there  was  little 
change  in  the  amount  of  moisture  in  the  soil.  Very  little  drying 
out  seemed  to  take  place  between  rains  although  the  conditions 
were  probably  as  favorable  for  the  drying  out  of  the  soil  as  they 
ever  are  in  the  winter.  The  soil  was  not  frozen ;  the  mean  tem- 
peratures were  comparatively  high,  being  about  four  degrees 
above  normal;  and  there  was  some  wind  blowing  the  greater 
part  of  the  time. 

The  curves  in  figures  4  to  8,  inclusive,  show  that  the  changes 
in  the  percentages  of  moisture  in  the  soil  between  successive  ob- 
servations were  considerably  greater  during  the  summer  months 
than  they  were  during  the  winter  months,  as,  of  course,  would 
naturally  be  expected.  An  inspection  of  the  data  in  table  3 
shows  that  while  the  individual  observations  vary  greatly,  partly 
due  to  differences  in  soil  texture  and  to  errors  of  observations, 
the  moisture  content  of  the  first  6-inch  layer  of  soil  seems  to 
vary  more  than  that  of  the  deeper  layers.  Interesting  data  on 
variations  in  soil  moisture  at  different  depths  was  obtained  near 
Akron,  Colorado,  by  H.  L.  Shantz,  in   the   sunmier   of   1909.* 

*  Natural  Vegetation  as  an  Indicator  of  the  Capabilities  of  Land  for 
Crop  Production  in  the  Great  Plains  Area,  by  H.  L.  Shantz,  Bulletin  201  of 
the  Bureau  of  Plant  Industry,  U.  S.  Department  of  Agriculture,  1911,  page  31. 
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It  was  there  found  that  during  the  period  from  June  10  to  Sep- 
tember 10  the  rainfall  did  not  affect  the  moisture  content  of  the 
soil  below  a  depth  of  18  inches,  although  on  July  7  the  rainfall 
amounted  to  2.40  inches.  However,  a  rainy  period  during  the 
last  of  May  and  the  first  part  of  June  had  some  effect  on  the 
moisture  content  of  the  soil  down  to  depths  of  about  3  feet.  At 
Moraine  Park,  the  moisture  content  of  the  soil  from  18  to  24 
inches  below  the  surface  seemed  to  be  affected  by  the  rainfall 
at  times  during  the  summer.  This  difference  in  depth  of  pene- 
tration at  the  two  locations  is  probably  due  to  a  difference  in 
soil  texture. 

Records  showing  variations  in  soil  moisture  have  been  pub- 
lished by  numerous  investigators.  To  mention  all  such  data  is 
beyond  the  scope  of  this  publication.  However,  the  observa- 
tions by  King,  published  by  the  Bureau  of  Soils,*  should  be  re- 
ferred to  since  they  gave  valuable  data  on  the  moisture  content, 
at  different  depths,  of  eight  different  soils,  under  various  condi- 
tions of  cultivation  and  fertilization,  in  four  different  states. 

Evaporation  and  Transpiration 

It  is  interesting  to  compute  the  daily  rates  of  evaporation 
and  transpiration  for  short  periods  of  time  from  some  of  the 
records  given  in  table  3.  This  has  been  done  for  a  few  selected 
periods  where  the  data  is  most  reliable.  Periods  have  been 
chosen  in  which  the  rainfall  was  not  excessive,  in  which  there 
was  no  appreciable  surface  runoff,  and  in  which  it  is  believed 
that  there  was  no  percolation  of  moisture  into  the  underlying 
beds  of  sand  and  gravel.  It  has  been  assumed  that  the  decrease 
in  the  amount  of  moisture  in  the  soil  in  each  case,  was  caused 
by  evaporation  and  transpiration,  and  that  no  moisture  was 
drawn  upward  by  capillary  action  from  the  sand  and  gravel, 
assumptions  which  are  probably  not  greatly  in  error. 

The  data  computed  in  this  manner  is  given  in  table  6.  The 
moisture  in  the  soil,  in  per  cent,  at  the  beginning  and  ending  of 
each  period,  the  amount  of  water  in  inches  depth  corresponding 
to  the  decrease  in  moisture  percentage,  the  total  evaporation, 
and  the  evaporation  in  inches  per  day,  are  given  for  the  soil  un- 
der the  sod  and  for  the  soil  under  the  bare  surface.  The  term 
evaporation  has  been  used  in  the  table  headings  to  include  trans- 
piration as  well  as  soil  evaporation.    The  total  rainfall,  the  num- 

^Investigatlons  in    Soil    Manas^ement,    by    F.  H.  King,  Bulletin  26  of 
the  Bureau  of  Soils,  U.  S.  Department  of  Agriculture,  1905,  pages  167-191. 
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ber  of  days,  the  mean  relative  humidity,  and  the  mean  tempera- 
ture are  also  included  for  each  period.  The  maximum  rates  of 
evaporation  in  inches  per  day  have  been  set  in  bold  face  type. 
The  minimum  values  have  no  significance. 

It  will  be  noticed  that  the  rates  of  evaporation  vary  from 
0.02  to  0.62  inches  per  day  for  the  soil  under  the  sod  and  from 
0.04  to  0.68  inches  per  day  for  the  soil  under  the  bare  surface. 
The  maximum  values  of  0.62  and  0.68  inches  occurred  during 
the  S-day  period  from  August  23  to  28,  1918.  The  value  of  0.68 
inches  for  the  soil  under  the  bare  surface  is  probably  too  low, 
as  indicated  in  the  table.  The  samples  taken  in  the  upper  foot 
of  soil  under  the  bare  surface  on  August  28  were  disturbed  in 
drying  so  that  the  value  of  6.0  per  cent  given  for  that  date  is  the 
average  for  the  second  foot  of  depth  only.  In  calculating  the 
evaporation  it  was  assumed  that  the  percentage  of  moisture  in 
the  upper  foot  of  soil  on  August  28  was  the  same  as  on  August 
23,  whereas  it  probably  was  a  little  less. 

These  average  values  of  0.62  and  0.68  inches  per  day  for 
five  days  are  rather  unusual.  However,  a  study  of  the  weather 
records  shows  that  the  conditions  at  that  time  were  favorable 
for  high  rates  of  evaporation.  The  greater  part  of  the  total 
rainfall  of  1.54  inches  fell  in  three  separate  showers  on  three 
different  days,  August  26,  27,  and  28.  Considerable  sunshine  and 
some  wind  occurred  between  showers  on  these  dates,  as  well  as 
on  August  23,  24,  and  25. 

In  this  connection  it  may  be  noted  that  Briggs  and  Shantz, 
in  their  experiments  at  Akron,  Colorado,  obtained  values  for 
plant  transpiration,  alone,  which  were  somewhat  higher  than 
the  above  values.*  Although,  there  is,  of  course,  a  great  differ- 
ence in  climate  between  Dayton  and  Akron,  it  may  be  interesting 
to  give  some  of  their  results.  During  the  10-day  period  from 
July  7  to  16,  1914,  they  obtained  the  following  average  daily 
transpiration  rates  in  inches : 

Kubanka  wheat 1.21 

Galgalos  wheat 1.42 

Swedish  oats 1.31 

Burt  oats 1.23 

Barley    0.67 

Rye   0.92 

•Daily  Transpiration  During  the  Normal  Growth  Period  and  Its  Cor- 
relation with  the  Weather,  by  Lyman  J.  Briggs  and  H.  L.  Shantz,  Journal 
of  Agricultural  Research,  U.  S.  Department  of  Agriculture,  October  23, 
1916. 
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Cowpea 0.96 

Siberian  Millet 0.78 

Northwestern  Dent  Corn 0.83 

Minnesota  Amber  Sorghum.  0.81 
Sudan  grass 0.66 

The  daily  rate  of  evaporation  from  water  in  a  shallow  tank 
during  this  period  was  0.48  inches.  The  quantities  of  water 
used  by  the  plants  were  determined  by  weighing.  Plants  were 
grown  in  cans,  fitted  with  covers  to  prevent  soil  evaporation, 
small  holes  being  cut  in  the  covers  for  the  stems.  The  above 
transpiration  rates  were  calculated,  taking  the  area  of  the  can 
as  the  area  occupied  by  the  plant.  Probably  a  somewhat  larger 
area  should  have  been  used,  since  the  foliage,  in  some  instances, 
undoubtedly  spread  out  toward  the  light  beyond  the  edges  of  thfe 
can.  However,  if  an  area  twice  as  great  as  that  of  the  can  had 
been  used,  the  results  would  still  be  comparatively  large. 

The  values  of  evaporation  given  for  the  soil  under  the  sod 
at  Moraine  Park,  include  the  water  intercepted  by  the  grass  and 
evaporated  directly  into  the  air  without  reaching  the  soil,  the 
water  taken  up  from  the  soil  by  the  grass  roots  and  transpired 
into  the  atmosphere,  and  the  water  evaporated  directly  from 
the  surface  of  the  soil  itself.  The  values  for  the  soil  under  the 
bare  surface  represent  soil  evaporation  alone.  While  the  accu- 
racy of  the  data  is  not  such  as  to  warrant  definite  comparisons, 
it  may  be  stated  that  the  evaporation  rate  seems  to  be  a  little 
greater  from  the  bare  soil  than  from  the  sod  for  those  periods 
in  which  there  was  considerable  rainfall,  and  a  little  greater 
from  the  sod  than  from  the  bare  soil  for  those  periods  in  which 
there  was  no  rainfall  or  only  an  insignificant  amount. 

The  rates  of  soil  evaporation  and  transpiration  during  the 
winter  months  were  probably  much  lower  than  those  given  in 
table  6.  There  were  probably  days  in  the  winter,  during  the 
months  of  January  and  February,  when  the  rates  were  less  than 
a  hundredth  of  an  inch  per  day.  The  observations  recorded  in 
table  3  are  hardly  sufficient  for  a  discussion  of  minimum  values. 
However,  they  do  give  some  indication  of  the  maximum  rates 
which  may  occur  during  the  winter  months.  The  comparatively 
low  rates  of  0.017  for  the  soil  under  the  sod  and  0.049  for  the 
soil  under  the  bare  surface,  during  the  period  from  January  24 
to  February  11,  1919,  when  there  was  only  0.08  inches  of  rain- 
fall, have  already  been  noted.  These  values  are  probably  fairly 
indicative  of  the  maximum  rates  at  which  moisture  can  be  eva- 
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porated  from  the  soil  at  Moraine  Park,  during  the  months  of 
January  and  February,  when  there  is  no  appreciable  precipita- 
tion. These  rates  would,  of  course,  have  been  higher  if  several 
light  rains  had  occurred,  separated  by  periods  of  clear  and  windy 
weather.  As  before  mentioned,  the  conditions  at  that  time  were 
about  as  favorable  for  the  drying  out  of  the  soil  as  they  ever  are 
in  the  winter.  These  values  would  indicate  that  in  the  winter 
the  evaporation  from  bare  soil  surfaces  is  greater  than  from  sod 
surfaces,  which  seems  reasonable. 

The  records  taken  during  the  winter  of  1917  and  1918  offer 
an  opportunity  for  estimating  the  rate  of  evaporation  from  snow 
surfaces.  The  greater  part  of  the  precipitation  between  De- 
cember 3,  1917,  and  February  11,  1918,  occurred  as  snow,  the 
temperatures  being  below  freezing  the  greater  part  of  the  time. 
The  ground  froze  to  a  depth  of  a  few  inches  during  the  cold 
period  of  December  6  to  18  when  the  temperature  was  fre- 
quently from  3  to  8  degrees  below  zero.  It  then  thawed  out 
partly  and  the  upper  foot  became  saturated  during  the  period 
of  December  21  to  29,  due  to  the  melting  of  about  9  inches  of 
snow;  after  which  it  froze  again  and  remained  frozen  until  af- 
ter the  observations  of  February  11.  It  is  doubtful  if  any  ap- 
preciable amount  of  water  percolated  through  the  surface  soil 
during  the  thawing  period  of  December.  Deducting  the  average 
runoff  of  2.66  inches,  from  the  four  plats,  from  the  rainfall  of 
5.26  inches  leaves  2.60  inches  to  be  accounted  for  by  soil  ab- 
sorption or  evaporation.  The  former  was  probably  about  an 
inch.  The  soil  samples  would  indicate  an  average  absorption  of  ^ 
1.65  inches,  but  a  part  of  this  was  probably  runoff  from  the  hill- 
side above.  This  leaves  1.60  inches  for  the  total  evaporation 
during  the  period  of  70  days,  or  about  0.023  inches  per  day, 
nearly  all  of  which  must  have  occurred  from  snow  surfaces. 
The  actual  daily  rates  undoubtedly  varied  a  great  deal  from  this 
average  since  there  were  wide  variations  in  temperature  and 
other  meteorological  conditions.  The  minimum,  mean,  and  max- 
imum values  of  relative  humidity,  temperature,  and  wind  ve- 
locity during  the  70  days  were  as  follows : 

Minimum  Mean  Maximum 

Relative  humidity  in  per  cent 51  83  100 

Temperature  in  degrees  F -16  19  62 

Wind  velocity  in  miles  per  hour 0  11.5  45 

There  were  18  cloudy  days,  22  partly  cloudy  days,  30  clear 
days  and  31  days  on  which  the  precipitation  amounted  to  or  ex- 
ceeded 0.01  of  an  inch. 
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It  is  interesting  to  note  that  R.  E.  Horton*  obtained  an  ave- 
rage rate  of  0.028  inches  per  day  for  the  period  of  9  days  from 
December  26,  1913,  to  January  4,  1914,  at  Albany,  New  York, 
when  the  mean  maximum  temperature  was  26.6  degrees. 

Measurements  of  evaporation  from  snow  surfaces  were  also 
made  in  the  Little  Bear  Valley  of  the  San  Bernardino  Moun- 
tains, California,  where  the  meterological  conditions  are  con- 
siderably different  from  those  at  Dayton.  The  results,  given  in 
water  supply  paper  294,t  were  as  follows : 

Month  and  year  Averase  Rate  in 

Inches  per  day 

March,  1895 0.08 

March,  1896 0.12 

January,  1897  0.05 

February,  1897  0.10 

March,  1897 0.10 

Some  data  on  evaporation  from  ice  surfaces  in  Maine  is 
given  in  water  supply  paper  279.** 

An  evaporation  of  0.51  inches  in  6  days,  with  a  maximum 
rate  for  one  day  of  0.15  inches  and  a  minimum  rate  for  one  day 
of  0.03  inches,  was  measured  at  Lewiston  during  the  period  from 
November  19  to  24,  1905,  when  the  average  air  temperature  was 
34.8  degrees  and  the  average  relative  humidity  was  39.3  per  cent. 


Absorption  in  Surface  Soil 

The  records  given  in  table  3  and  discussed  in  the  preceding 
pages  enable  us  to  study  the  absorption  of  the  upper  two  feet  of 
soil,  or  surface  soil,  as  it  may  be  termed.  The  term  absorption 
will  here  be  used  to  mean  the  water  taken  up  by  the  soil  and 
held  to  supply  soil  evaporation  and  transpiration  after  the  rain 
ceases.  It  will  not  include  the  water  that  percolates  through 
the  surface  soil  into  the  underlying  gravel  to  maintain  ground 
water  flow. 

*  Evaporation  from  Snow  and  Errors  of  Rain  Gage  when  used  to  catch 
Snowfall,  by  R.  E.  Horton,  Monthly  Weather  Review,  February,  1914, 
page  99. 

tAn  Intensive  Study  of  the  Water  Resources  of  a  Part  of  Owens  Val- 
ley, California,  by  Charles  H.  Lee,  U.  S.  Geological  Survey  Water  Supply 
Paper  294,  1912,  pages  49  and  118. 

♦•Water  Resources  of  the  Penobscot  River  Basin,  Maine,  by  H.  K. 
Barrows  and  C.  C.  Babb,  U  S.  Geological  Survey  Water  Supply  Paper  279, 
1912,  page  120. 
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Table  7. — SoH  Absorption  at  Moraine  Parle  During  Summer  Storms 


Storm  Period 

• 

Rftinfall 
Inches 

Under  Sod 

Under  Bare  Soil 

Moisture  in  Soil 

Absorp- 
Uon* 

Inches 

Moisture  in  Soil 

Absorp- 
tion* 

Inches 

Before 
Rain 

% 

After 
Rain 

% 

Before 
Rain 

% 

After 
Rain 

% 

Aug.    4-  8,          1916... 

Sept.    5-  6,          1916 

Sept.  27-29,          1916 ...  . 
Nov.  23-24,          1916... 
June  26-30,          1917 . . . . 
Oct.    11-19,          1917... 
July  22-23.          1918... 
Aug.  12-23.          1918... 
Aug.  28-Sept.  2,  1918 . .  .  . 

4.56 
4.12 
1.68 
0.84 
2.90 
2.02 
3.11 
2.30 
1  39 

4.7 
9.3 
8.7 

11.3 
9.9 
9.2 

10.3 
5.8 

10  9 

14.9 
15.4 
16.4 
16.9 
17.2 
16.2 
16.4 
15.0 
18.0 

3  92 

2.34 
2.96 
2.15 
2.80 
2.69 
2  34 
3.13 
2.73 

3.1 

3.7 

7.4 

11.7 

10.4 

11.1 

5.8 

6.5 

6.0 

14.2 
9.0 
11.3 
15.1 
13  3 
16.0 
9.0 
15.8 
12.7 

4  26 

2.03 
1  50 
1.30 
1.11 
1.88 
1.23 
3.57 
2.57 

*In  upper  two  feet  of  soil.  ^ 

The  preceding  discussion  has  shown  that  throughout  the 
period  of  about  four  and  a  half  years  covered  by  the  observations 
the  amount  of  moisture  in  the  upper  two  feet  of  soil  at  Moraine 
Park  varied  from  a  minimum  of  4.7  per  cent,  or  1.80  inches,  to 
a  maximum  of  21.0  per  cent,  or  8.06  inches,  in  the  case  of  the 
sod  covering;  and  from  a  minimum  of  3.1  per  cent,  or  1.19 
inches,  to  a  maximum  of  21.1  per  cent,  or  8.10  inches,  in  the 
case  of  the  bare  soil  covering;  the  difference  in  the  actual 
amounts  of  water  in  the  2-foot  layer  in  the  two  cases  correspond- 
ing to  6.26  and  6.91  inches,  respectively,  averaging  6.58  inches. 
This  average  value  would  be  the  maximum  possible  absorption 
at  Moraine  Park  as  shown  by  the  records.  While  the  maximum 
percentages  used  above  were  practically  reached  each  winter, 
the  minimum  values  were  reached  only  once.  Consequently  this 
average  value  of  6.58  inches  is  one  which  would  very  seldom,  if 
ever,  be  attained  during  a  single  storm.  For  the  amount  of  soil 
moisture  to  be  increased  from  the  minimum  value  to  the  maxi- 
mum during  a  single  storm  would  require  an  exceptional  combi- 
nation of  conditions  such  as  the  occurrence  of  a  very  heavy  pro- 
longed rainfall  at  a  time  when  the  ground  was  dryest.  Taking 
a  value  of  8  per  cent  for  the  minimum  amount  of  soil  moisture, 
a  value  which  is  reached  practically  every  summer,  the  differ- 
ence between  the  amount  of  water  in  the  upper  2  feet  during  the 
ordinary  dry  periods  of  the  summer  and  the  amount  present 
during  the  winter,  would  be  5.00  inches.  '  Probably  this  value 
is  also  greater  than  the  maximum  amount  of  water  ever  ab- 
sorbed during  a  single  storm. 
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If  the  ground  is  not  frozen  the  proportion  of  the  maximum 
possible  absorption  that  can  be  absorbed  during  a  single  storm 
varies  with  the  amount  of  moisture  present  when  the  rain  be- 
gins. The  dryer  the  soil  the  greater  is  the  space  in  which  the 
water  can  be  absorbed.  If  the  rain  continues  long  enough  the 
moisture  holding  capacity  of  the  upper  two  feet  at  Moraine  Park 
will  become  filled,  after  which  the  water  will  percolate  through 
the  underlying  sand  and  gravel  as  fast  as  it  can  move  through 
the  surface  soil.  If  the  ground  is  frozen  very  little  moisture  will 
be  absorbed  unless  the  duration  of  the  rainfall  and  the  temper- 
atures are  great  enough  to  thaw  out  the  ground.  The  actual 
amount  of  water  that  is  absorbed  during  a  given  storm,  of  course, 
varies  also  with  the  nature  of  the  rainfall.  If  the  rainfall  inten- 
sity is  greater  than  the  rate  at  which  the  water  can  soak  into 
the  ground,  and  the  surface  storage  has  been  filled,  the  excess 
water  will  run  off;  whereas,  if  the  same  total  precipitation  is 
distributed  through  a  greater  time,  it  may  all  be  absorbed. 

Table  7  gives  the  larger  records  of  absorption  during  indi- 
vidual storms,  selected  from  the  data  in  table  3.  All  records 
corresponding  to  depths  of  two  inches  or  more  in  the  upper  two 
feet  are  included  except  in  one  or  two  instances  where  the  data 
seemed  questionable.  In  addition,  records  corresponding  to 
depths  of  less  than  two  inches  are  included  for  one  type  of  sur- 
face covering  where  the  absorption  under  the  other  type 
amounted  to  or  exceeded  two  inches.  The  percentages  of  mois- 
ture present  before  the  rain  began  and  after  the  rain  ceased,  as 
well  as  the  total  precipitation  during  each  storm  period,  are  also 
included.  The  distribution  of  the  rainfall  can  be  seen  by  re- 
ferring to  figures  4  to  8,  inclusive.  The  maximum  values  of  ab- 
sorption given  in  the  table  are  set  in  bold  face  type.  The  min- 
imum values  have  no  special  significance. 

It  will  be  noticed  that  in  several  instances  the  absorption 
was  greater  than  the  rainfall.  The  reason  for  this  is  that  the 
place  where  the  samples  were  taken  is  located  near  the  foot  of 
a  steep  hill  in  the  direct  path  of  the  surface  runoff  from  the  hill- 
side. As  some  runoff  occurred  during  each  of  the  storms  re- 
corded in  table  7,  except  the  one  of  September  27  to  29,  1916, 
the  amount  of  water  available  to  replenish  the  soil  moisture  was 
actually  greater  than  the  rainfall.  The  discrepancy  in  case  of 
the  storm  noted  is  probably  due  to  the  difficulties  encountered 
in  securing  samples  representative  of  average  conditions. 

It  is  interesting  to  note  that  while  runoff  occurred  on  the 
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plats  having  the  bare  surface  in  all  but  one  of  the  storms  listed 
in  table  7,  and  on  the  plats  having  the  sod  covering  in  the  greater 
number  of  the  storms,  in  no  case  did  the  ground  become  satu- 
rated. The  greatest  amount  of  moisture  found  in  the  soil  after 
the  rain  ceased  was  only  18  per  cent  in  the  case  of  the  sod  cov- 
ering, measured  after  the  storm  of  August  28  to  September  2, 
1918 ;  and  only  16.0  per  cent  in  the  case  of  the  bare  soil,  meas- 
ured after  the  storm  of  October  11  to  19,  1917, 

Inspection  of  table  7  shows  that  the  moisture  absorbed  by  the 
sod  is  generally  greater  than  that  absorbed  by  the  bare  soil,  as 
would  be  expected.  There  are  only  two  exceptions  to  this,  and  in 
these  instances  the  differences  are  so  small  as  to  come  within 
the  limits  of  possible  errors.  In  one  case,  that  of  August  4  to 
8,  1916,  the  values  constitute  the  maxima  of  the  entire  record, 
amounting  to  3.92  inches  for  the  sod  and  to  4.26  inches  for  the 
bare  soil.  This  storm,  with  a  total  rainfall  of  4.56  inches  spread 
rather  uniformly  over  five  days,  began  when  the  soil  was  dryer 
than  at  any  other  time  during  the  period  covered  by  the  data. 
In  the  other  case,  that  of  August  12  to  23,  1918,  the  values  are 
the  next  largest,  amounting  to  3.53  inches  for  the  soil  under  the 
sod  and  to  3.57  inches  for  the  soil  under  the  bare  surface.  The 
greater  part  of  the  total  precipitation  of  2.30  inches  which  fell 
during  this  period,  occurred  in  three  separate  showers  on  three 
different  days,  August  12,  14,  and  17.  These  are  the  only  two 
instances  where  the  absorption  exceeded  three  inches ;  and  it  is 
interesting  to  note  that  both  of  them  occurred  during  the  month 
of  August.  All  of  the  storm  periods  given  in  table  7  occurred 
in  the  summer  or  fall,  during  the  months  of  June  to  November, 
inclusive.  As  shown  in  the  preceding  discussions,  it  is  only 
during  the  summer  months  that  the  soil  becomes  dry  enough  to 
absorb  such  large  amounts. 

The  values  of  2.34  inches  for  the  soil  under  the  sod  and  2.03 
inches  for  the  soil  under  the  bare  surface,  obtained  during  the 
period  from  September  5  to  6,  1916,  were  caused  by  a  total 
rainfall  of  4.12  inches  which  fell  in  the  afternoon  and  evening 
of  the  5th  and  in  the  morning  of  the  6th.  The  total  period  of 
time  in  which  the  rain  fell  was  less  than  18  hours.  Probably 
90  per  cent  of  the  total  precipitation  occurred  during  the  6  hours 
from  3  to  9  p.  m.,  on  the  5th.  At  the  Dayton  Weather  Bureau 
station  the  maximum  intensities  were  0.43  inches  in  5  minutes, 
0.79  inches  in  10  minutes,  and  1.75  inches  in  30  minutes. 

The  values  of  absorption  given  in  table  7  are  believed  to 
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be  less  than  the  amounts  that  actually  occurred  during  the 
given  storms,  the  reason  being  that  while  samples  were  always 
taken  within  a  few  hours  or  a  day  after  the  rain  ceased  quite 
frequently  samples  had  not  been  taken  for  several  days  before 
the  rain  began.  In  calculating  the  values  given  in  the  table  no 
allowances  were  made  for  the  evaporation  which  must  have  oc- 
curred between  the  time  the  samples  were  taken  and  the  time 
the  rain  began. 


Table  8. — Soil  Absorption  at  Moraine  Park  During  Winter  Storms 


Storm  Period 

Rainfall 
Inches 

Under  Sod 

Under  Bare  Soil 

Moisture  in  Soil 

Absorp- 
tion*^ 

Inches 

Moisture  in  Soil 

Absorp- 
tion' 

Inches 

Before 
Rain 

% 

After 
Rain 

% 

Before 
Rain 

% 

After 
Rain 

% 

Dec.  12-17,  1915 

Apr.  20-22,  1916 

Mar.  13-14,  1917 

Dec.     9-13,  1918 

Mar.    &-10,  1919 

Mar.  15-18,  1919 

Mar.  26-27,  1919 

Apr.     9-11,  1919 

1.75 
1.08 
1.44 
1.59 
1.09 
2.97 
0.85 
1.53 

15.6 

17.7 
19.8 
17.4 
19.9 
20.4 
18.6 
18  6 

17.3 
19.8 
19.0 
20.0 
21.0 
20.6 
20.6 
19.4 

0.65 
0.80 
-0.30 
1.00 
0.42 
0.07 
0.77 
0.30 

16.7 
13.7 
17.8 
16.9 
18.0 
17.2 
17.7 
18.0 

16  3 
15.3 
20.3 
19.3 
19.6 
18.4 
19.2 
18.3 

-0.15 
0  61 
0  96 
0.92 
0.61 
0.46 
0.57 
0.11 

*In  upper  two  feet  of  soil. 

In  order  to  show  how  much  moisture  is  absorbed  by  the  soil 
during  winter  rains  a  few  of  the  larger  records  of  absorption 
during  individual  winter  storms,  selected  from  the  data  in  table 
3,  are  assembled  in  table  8.  The  percentages  of  moisture  pres- 
ent before  the  rain  began  and  after  the  rain  ceased  and  the 
total  precipitation  during  each  storm  period  are  included,  as  in 
table  7.  Only  storms  occurring  during  the  months  of  Decem- 
ber to  April,  inclusive,  at  times  when  the  ground'  was  not  frozen, 
are  considered.    Maximum  values  are  indicated  as  before. 

The  negative  values  appearing  in  table  8  are  probably  due 
to  errors  in  observation  as  it  is  hardly  likely  that  the  soil  was 
drier  after  the  rain  than  it  was  before.  It  will  be  noticed  that 
in  only  one  case,  that  of  the  soil  under  the  sod  in  December, 
1918,  was  the  absorption  as  much  as  an  inch.  There  does  not 
seem  to  be  much  difference  in  the  winter  between  the  absorp- 
tion under  the  sod  and  under  the  bare  soil  surface.  The  ground 
was  frozen  during  the  greater  number  of  storms  which  occurred 
in  the  months  of  January  and  February,  and  consequently  such 
records  were  not  included  in  table  8. 
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It  will  be  observed  that  in  the  greater  number  of  storms 
listed  in  table  8  the  soil  was  nearly  saturated  when  the  rain  be- 
gan and  was  practically  saturated  when  the  rain  ceased.  It  is 
interesting  to  point  out  that  although  the  ground  was  saturated 
by  the  storms  of  March  5  to  10  and  26  to  27,  1919,  no  trace 
of  runoff  could  be  observed  on  any  of  the  plats.  In  these  in- 
stances the  rates  of  precipitation  must  have  been  less  than  the 
rate  at  which  the  water  could  percolate  through  the  two-foot 
layer  of  surface  soil. 

SURFACE  RUNOFF 

While  the  records  in  table  3  cannot  be  used  to  solve  all  prob- 
lems connected  with  surface  runoff,  they  do  furnish  some  inter- 
esting information.  They  enable  us  to  study  the  conditions  un- 
der which  surface  runoff  begins,  the  rates  at  which  moisture 
can  be  absorbed  by  the  soil,  the  relation  of  the  total  surface  run- 
off to  the  total  rainfall,  during  storm  periods  as  well  as  during 
the  year,  and  the  amount  of  water  that  percolates  through  the 
surface  soil  to  maintain  the  ground  water  flow  of  the  streams. 
They  also  enable  us  to  study  the  effect  of  variations  in  the  slope 
of  the  ground,  in  the  nature  of  the  surface  covering,  in  the 
amount  of  moisture  in  the  soil  when  the  rain  begins,  and  in  the 
character,  intensity,  and  duration  of  the  precipitation. 

Surface  Slope  and  Surface  Covering 

In  order  to  study  the  variations  in  surface  runoff  caused  by 
variations  in  surface  slope  and  in  surface  covering,  the  larger 
runoff  records  of  table  3  are  assembled  in  table  9.  Runoff  meas- 
urements for  all  plats  are  included  for  all  dates  on  which  the 
observations  show  a  total  runoff  of  an  inch  or  more  on  at  least 
one  of  the  plats.  The  differences  in  runoff  due  to  variations  in 
surface  slope  and  to  variations  in  surface  covering  have  been 
calculated  and  are  given  in  the  last  four  columns  of  the  table. 
The  observed  total  rainfall  is  also  included.  Maximum  values 
of  the  various  quantities  are  set  in  bold  face  type  as  in  preceding 
tables.  It  should  be  pointed  out  that  the  amounts  of  rainfall 
and  runoff,  here  given,  did  not  occur  on  the  date  of  observation 
noted  in  the  first  column  but  occurred  during  the  time  between 
the  date  noted  and  the  preceding  date  on  which  observations 
were  made.    An  idea  of  the  probable  distribution  of  the  runoff 
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can  be  obtained  by  referring  to  the  rainfall  distribution  shown 
in  figures  4  to  8,  inclusive. 

Some  of  the  runoff  measurements  given  in  table  9  are  believed 
to  be  too  low  or  are  questionable  as  indicated.  More  detailed 
notes  on  these  are  given  at  the  end  of  table  3.  Such  notes  are 
given  only  in  cases  where  there  was  some  definite  reason  to 
question  the  measurement.  Probably  several  additional  records 
for  the  sloping  plat  with  the  bare  soil  surface  are  too  low  since 
in  several  instances  the  runoff  measured  was  appreciably  less 
than  that  from  the  level  plat  with  the  same  surf  ace .  covering, 
as  indicated  by  the  minus  signs  in  the  difference  column.  This 
condition  appears  to  have  existed  more  often  during  the  larger 
storms,  such  as  those  listed  in  table  9,  than  during  the  smaller 
ones. 

In  spite  of  these  uncertainties,  however,  the  data  in  table  9 
offers  some  interesting  information.  It  will  be  noticed  that  the 
differences  between  the  runoff  from  the  level  ground  and  from 
the  hillside,  either  on  the  sod  or  on  the  bare  soil,  are  considerably 
less  than  the  differences  between  the  runoff  from  the  sod  and 
from  the  bare  soil,  either  on  the  level  ground  of  on  the  hillside. 
The  maximum  values  of  the  former  amount  to  0.72  and  0.17 
inches,  respectively,  for  the  sod  and  bare  soil  surfaces;  while 
the  maximum  values  of  the  latter  amount  to  2.20  and  2.09  inches, 
respectively,  for  the  level  and  sloping  locations.  This  would 
indicate  that  in  small  areas  variations  in  surface  covering  have 
a  relatively  greater  effect  on  runoff  than  do  variations  in  sur- 
face slope. 

The  differences  between  the  runoff  from  the  level  ground 
and  from  the  hillside,  in  the  case  of  the  sod  covering,  where 
there  is  no  reason  to  doubt  the  accuracy  of  the  results,  are  seen 
to  be  small  in  all  cases,  especially  in  comparison  with  the  total 
amount  of  the  precipitation.  The  maximum  difference  of  0.72 
of  an  inch,  found  in  the  measurements  of  August  18,  1915,  was 
only  about  17.1  per  cent  of  the  rainfall.  It  might  be  mentioned 
that  this  record  covered  two  separate  showers,  each  of  which 
probably  caused  some  runoff ;  so  that  the  absolute  value  of  0.72 
of  an  inch  would  be  larger  than  that  caused  by  either  of  the 
showers.  The  next  largest  difference  was  found  in  the  meas- 
urements of  February  11,  1918,  amounting  to  0.45  of  an  inch, 
or  to  about  8.6  per  cent  of  the  precipitation.  In  this  case  the 
runoff  was  caused  almost  entirely  by  melting  snows  at  a  time 
when  the  ground  was  saturated  and  was  frozen  to  a  depth  of 
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about  eight  inches.  For  such  conditions  the  effects  of  variations 
in  surface  covering,  as  well  as  in  surface  slope,  are  probably 
much  less  important  than  in  cases  where  the  soil  can  absorb 
a  large  part  of  the  precipitation.  During  the  storm  of  July  7, 
1915,  not  included  in  table  9  because  the  runoff  did  not  amount 
to  an  inch  on  any  of  the  plats,  the  difference  was  0.35  of  an 
inch,  or  about  16.6  per  cent  of  the  total  rainfall.  During  this 
storm  the  greater  part  of  the  rain  fell  in  about  an  hour.  An 
examination  of  the  data  in  table  3  shows  that  out  of  the  95 
observations  in  which  some  runoff  occurred  from  the  sod  plats, 
in  only  5  cases  did  the  amount  from  the  sloping  plat  exceed  that 
from  the  level  plat  by  as  much  as  0.25  of  an  inch,  the  difference 
generally  being  much  less  than  this. 

In  the  case  of  the  sod  covering  the  maximum  quantity  of 
runoff  obtained  from  the  sloping  plat  when  there  was  no  runoff 
from  the  level  plat  was  0.34  of  an  inch.  This  value  was  found 
in  the  observations  of  August  25,  1919,  when  the  total  rainfall 
amounted  to  2.56  inches.  In  the  case  of  the  bare  soil  surface 
the  corresponding  value,  which  does  not  appear  in  the  table,  was 
0.13  of  an  inch,  this  amount  being  measured  on  November  30, 
1918,  when  the  total  precipitation  was  only  0.73  of  an  inch. 

On  the  other  hand  the  differences  between  the  runoff  from 
the  sod  and  from  the  bare  soil  are  seen  to  be  comparatively 
large.  This  is  true  for  the  sloping  plats  as  well  as  for  the  level 
plats,  in  spite  of  the  rather  low  values  of  the  runoff  from  the 
bare  soil  plat  on  the  hillside.  Leaving  out  of  consideration  the 
data  for  February,  1918,  when  the  conditions  were  abnormal 
as  explained  above,  the  differences  for  the  level  ground  are  seen 
to  vary  from  1.00  inch,  or  about  24  per  cent  of  the  rainfall,  on 
August  18,  1915,  to  2.20  inches,  or  about  71  per  cent  of  the  rain- 
fall, on  July  23,  1918 ;  and  those  for  the  sloping  ground  are  seen 
to  vary  from  0.40  of  an  inch,  or  about  9  per  cent  of  the  rainfall, 
on  August  18,  1915,  to  2.09  inches,  or  about  70  per  cent  of  the 
rainfall,  on  July  23,  1918,  the  extreme  values  for  the  two  loca- 
tions occurring  on  the  same  date  in  each  case. 

The  fact  that  variations  in  surface  runoff  due  to  variations 
in  surface  cover  are  much  greater  than  those  due  to  variations 
in  surface  slope  is  also  seen  by  referring  to  the  runoff  records 
platted  in  figures  4  to  8,  inclusive.  A  study  of  these  diagrams 
shows  that  while  the  occurrence  of  appreciable  runoff  was  com- 
paratively frequent  in  the  case  of  the  bare  soil,  it  was  very  in- 
frequent in  the  case  of  the  sod.    In  fact,  runoff  amounting  to. 
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or  exceeding,  0.10  of  an  inch  was  observed  on  only  4  dates  on 
the  level  sod  plat  as  against  60  dates  on  the  level  bare  soil  plat ; 
and  on  only  12  dates  on  the  sloping  sod  plat  as  against  77  dates 
on  the  sloping  bare  soil  plat.  Melting  snow  or  rain  occurring 
at  times  when  the  ground  was  frozen  caused  the  runoff  on  the 
level  sod  plat  in  3  of  the  4  cases  and  on  the  sloping  sod  plat  in 
5  of  the  12  cases. 

The  reason  that  runoff  seldom  occurs  on  the  sod  plats,  even 
in  unusually  heavy  rainstorms,  is  that  the  soil  is  filled  with  roots 
down  to  the  depth  where  the  percentage  of  sand  and  gravel  pres- 
ent is  large.  Consequently  the  soil  is  unusually  pervious,  and 
the  water  is  able  to  percolate  downward  practically  as  fast  as 
the  rain  falls,  even  during  unusually  intense  downpours. 

It  thus  appears  that  on  the  Moraine  Park  plats  the  nature 
of  the  surface  covering  has  an  important  effect  on  the  runoff  con- 
ditions while  the  slope  of  the  ground  is  relatively  unimportant. 

Table  10. — Surface  Runoff  and  Soil  Moisture  at  Moraine  Park 

During  Summer  Storms 


1 

Runoff 

Moisture  i 

n  upper  6 

Ratio  of 

in  Inches 

inches  of  Soil,  in  %*    \ 

Runoff 

Storm  Period 

Rainfall 
in  Inches 

from 
Bare  Soil 

1 

Sod        ! 

1 

Bare  Soil 

Sod 

Bare  Soil 

to  Rainfall, 
iii% 

June     1-  2, 

1915.. 

2.01 

0.02 

0.35 

12.5 

11.9 

17 

July     7, 

1915.. 

2.11 

0.24 

0.70 

11.2 

14.1 

33 

Sept.    5, 

1915.. 

2.15 

0 

0.32 

14.4 

13.9 

15 

May    3-  7, 

1916. 

1.81 

0 

0.59 

15.4 

13.0 

33 

Aug.    4-  7, 

1916.. 

3.63 

0.12 

1.26 

14.9 

11.9 

35 

Sept.    5-  6, 

1916  . 

4.12 

0.02 

1.78 

13.9 

15.1 

43 

May  26-28, 

1917.. 

2.28 

0.01 

0.90 

15.3 

17.0 

39 

June    2-  9, 

1917. 

2.77 

0.01 

0.90 

13.9 

11.4 

32 

June  26-28, 

1917.. 

2.86 

0.02 

1.70 

16.4 

13.5 

59 

July     7, 

1917.. 

1.25 

0.01 

0.30 

11.9 

11.9 

24 

July   16-17, 

1917. 

1.43 

0.01 

0.40 

14.8 

13.4 

28 

July  23-26, 

1917.. 

0.96 

0.01 

0.42 

16.3 

12.2 

44 

Aug.  21-22, 

1917.. 

3.02 

0.02 

1.44 

15.3 

10.0 

48 

May  11-12, 

1918.. 

2.75 

0.02 

0.85 

19.3 

19.5 

31 

June    6, 

1918.. 

1.43 

0 

0.28 

15.0 

15.4 

20 

Aug.  12, 

1918.. 

1.21 

0.02 

0.66 

12.2 

7.9 

54 

Aug.  24, 

1919  . 

2.56 

0.17 

1.72 

20.6 

16.6 

67 

*  After  rain  ceased. 


It  was  in  view  of  this  condition  that  the  average  values  of  the 
runoff  for  the  two  types  of  surface  covering  were  calculated 
and  recorded  in  columns  15  and  18  of  table  3.  The  following 
studies  will  generally  be  confined  to  these  average  values. 

The  effect  of  surface  slope  on  the  total  amount  of  runoff  un- 
doubtedly becomes  more  important  as  the  size  of  the  area  in- 
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creases,  due  to  the  longer  time  required  for  the  runoff  to  reach 
the  drains.  A  part  of  the  water  which  ran  off  at  Moraine  Park 
probably  would  have  been  absorbed  if  it  had  been  required  to 
flow  several  hundred  feet  to  the  drains  instead  of  less  than 
seven,  since  total  absorption  varies  with  the  length  of  time  the 
surface  is  covered  with  water.  This  additional  absorption  would 
undoubtedly  have  been  larger  in  the  case  of  the  level  plats  than 
in  the  case  of  the  sloping  plats,  due  to  the  effect  of  slope  on  ve- 
locity. 

Surface  Runoff  and  Soil  Moisture 

It  was  pointed  out  in  the  discussion  of  the  amount  of  water 
absorbed  by  the  soil  during  storms  that  surface  runoff  occurred 
at  Moraine  Park  at  times  during  the  summer  when  the  upper 
two  feet  of  soil  was  not  saturated.  In  order  to  study  in  more 
detail  the  effect  of  soil  moisture  on  the  surface  runoff  during 
the  summer,  the  records  of  table  3  which  are  best  suited  for  such 
a  study  are  arranged  in  table  10.  The  records  of  rainfall,  runoflF, 
and  amount  of  moisture  in  the  upper  6  inches  of  soil  after  the 
rain  ceased  have  been  included  for  storms  occurring  during  the 
months  of  May  to  September,  inclusive,  where  the  average  run- 
off from  either  the  sod  or  the  bare  soil  amounted  to  or  exceeded 
a  quarter  of  an  inch.  Storms  have  not  been  included  where  there 
was  any  opportunity  for  the  ground  to  dry  out  appreciably  be- 
tween the  time  the  rain  ceased  and  the  time  the  samples  were 
taken.  The  ratio  of  the  runoff  from  the  bare  soil  to  the  total 
rainfall  is  given  in  the  last  column.  In  a  few  cases,  where  ob- 
servations had  not  been  made  just  before  and  just  after  the 
given  periods,  the  total  precipitation  was  calculated  from  the 
Dayton  records,  assuming  that  the  ratio  of  the  total  rainfall  dur- 
ing the  storm  to  the  total  observed  was  the  same  at  both  loca- 
tions. In  such  cases  it  was  also  assumed  that  all  of  the  runoff 
occurred  during  the  storm  period. 

The  data  in  table  10  shows  that  while  a  considerable  propor- 
tion of  the  rainfall  ran  off  of  the  bare  soil  during  each  of  the 
storms  included,  in  only  one  case,  that  of  May  11  to  12,  1918, 
was  the  upper  6  inches  of  soil  found  to  be  nearly  saturated  after 
the  rain  had  ceased.  The  samples  taken  after  this  storm  showed 
a  moisture  content  of  19.5  per  cent  for  the  upper  6  inches  under 
the  bare  surface.  The  corresponding  observations  for  the  other 
storms  included  in  the  table  are  seen  to  vary  from  7.9  per  cent 
to  17.0  per  cent,  averaging  about  13.0  per  cent.  The  preceding 
discussion  of  soil  moisture  showed  that  the  soil  under  the  bare 
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surface  can  contain  a  quantity  of  water  equivalent  to  25.6  per 
cent  of  its  dry  weight,  that  single  observations  showed  as  much 
as  23  per  cent  for  a  depth  of  6  inches,  and  that  average  amounts 
for  the  upper  2  feet  of  as  much  as  21  per  cent  were  measured. 
It  thus  appears  that  the  runoff  during  these  storms  was  caused 
by  the  rain  falling  faster  than  it  could  soak  into  the  ground, 
rather  than  to  rain  falling  on  a  saturated  soil. 

The  storms  of  August  4  to  7,  1916,  September  5  to  6,  1916, 
June  26  to  28,  1917,  August  21  to  22,  1917,  and  August  12,  1918, 
occurred  at  times  when  the  ground  was  unusually  dry  and  was 
baked  hard.  The  other  storms  occurred  at  times  when  the 
ground  was  neither  unusually  dry  nor  unusually  wet.  It  may  be 
interesting  to  note  that  considerable  flood  runoff  occurred 
throughout  the  Miami  Valley  during  the  storms  of  July  7,  1915, 
May  3  to  7,  1916,  June  26  to  28,  1917,  July  16  to  17,  1917,  and 
May  11  to  12,  1918;  also  that  some  flood  runoff  was  observed  at 
a  few  of  the  gaging  stations  on  the  smaller  streams  of  the  val- 
ley during  each  of  the  other  storms  included  in  table  10. 

Some  interesting  observations  on  surface  runoff  during  in- 
tense rates  of  precipitation  when  the  soil  was  unusually  dry  were 
made  at  Carrmonte,  about  two  miles  north  of  Moraine  Park,  on 
August  5  and  6,  1916.  Rain  began  falling  at  an  intense  rate  at 
2 :40  p.  m.  August  5.  At  2 :50  p.  m.  the  precipitation,  which  had 
been  fairly  steady,  amounted  to  0.56  of  an  inch,  corresponding 
to  an  average  rate  of  3.36  inches  per  hour  for  the  ten  minutes. 
At  this  time  water  was  running  off  wherever  there  was  enough 
slope  in  the  ground  surface  to  allow  it  to  do  so.  It  was  running 
down  a  gravel  alley  which  had  a  comparatively  flat  slope,  and  was 
standing  all  over  a  level  lawn,  running  off  wherever  it  could. 
Before  the  rain  began  the  ground  was  unusually  dry  and  was 
baked  hard.  In  fact  it  was  drier  than  at  any  other  time  during 
the  period  covered  by  the  Moraine  Park  experiments.  At  3 :20 
p.  m.,  when  the  rain  ended,  the  total  precipitation  amounted  to 
1.10  inches.  Probably  not  more  than  half  of  this  quantity  was 
absorbed  by  the  soil. 

At  4:35  p.  m.  on  August  6,  rain  began  falling  again  ?t  a 
fairly  intense  rate.  At  4 :50  p.  m.  the  precipitation,  which  had 
been  steady,  amounted  to  0.37  of  an  inch,  corresponding  to  an 
average  rate  of  1.48  inches  per  hour  for  the  fifteen  minutes. 
At  this  time  the  water  was  running  off  the  same  areas  under 
practically  the  same  conditions  as  on  the  preceding  day. 

Interesting  information  regarding  runoff  from  a  small  area 


78 


MIAMI  COXSERVANCY  DISTRICT 


in  Arkansas,  caused  by  an  intense  shower  occurring  when  the 
ground  was  dry  and  baked  hard,  was  given  by  James  H.  Fuertes 
in  the  Journal  of  the  Western  Society  of  Engineers,  April,  1899, 
page  170.  An  abstract  of  his  article  is  given  on  pages  265  and 
266  of  Metcalf  and  Eddy's  American  Sewerage  Practice,  Volume 
I.  A  total  runoff  of  0.38  of  an  inch  occurred  from  an  area  of 
about  2400  square  feet,  the  surface  of  which  sloped  uniformly 
at  a  rate  of  about  5  feet  in  100  feet,  due  to  a  total  precipitation 
of  1.3  inches  in  37  minutes,  0.71  of  which  fell  in  8  minutes.  The 
maximum  rate  for  5  minutes  was  6  inches  per  hour,  or  a  total 
of  0.50  inches  in  the  5  minutes. 

It  was  also  pointed  out  in  the  discussion  of  the  amount  of 
water  absorbed  by  the  soil  during  storms,  that  surface  runoff 

Table  11.— Winter  Storms  at  Moraine  Park  Which  Did  Not 

Cause  Appreciable  Runoff 


• 

Sorm  Period 

Rainfall 
in  Inches 

Runoff 

Moisture  in  upper  6  '  of  Soil,  in  % 

in  Inches 

Sod 

Bare  Soil 

Sod 

Bare  Sou 

Before 

After 

Before 

After 

Dec.  16-17.  1915 

Jan.   27-31,  1916 

Apr.     1-  2,  1917 

Jan.      1,        1919 

Mar.    5-  8,  1919 

Mar.  15-18,  1919 

Mar.  27,        1919 

1.50 
2  39 
0.78 
0.75 
1.09 
2.97 
0.85 

0.02 
0  01 

0 

0 

0 
0.02 

0 

0.03 
0.05 

0 

0 

0 

0.06 

0 

15.6 
16.0 
16.7 
19.4 
16.8 
18.4 
17.1 

17.1 

16.4 
19.4 
20.0 
18.2 
19.6 
18.1 

15.5 
18.0 
19.7 
19.9 
18.0 
17.6 
16.1 

15.6 
16.5 
18.2 
21.1 
19.0 
18.8 
19.2 

did  not  occur  on  the  plats  at  Moraine  Park  at  times  in  the  winter 
when  the  ground  was  apparently  about  as  wet  as  it  ever  is.  In 
order  to  show  this  condition  more  fully  the  more  pertinent  rec- 
ords of  table  3  are  brought  together  in  table  11.  Records  of  rain- 
fall, runoff,  and  moisture  in  the  upper  6  inches  of  soil  before 
the  rain  began  and  after  the  rain  ceased,  are  included  for  storms 
occurring  during  the  months  of  December  to  April,  inclusive, 
where  the  total  precipitation  amounted  to  or  exceeded  0.75  of  an 
inch,  where  the  average  runoff  did  not  amount  to  as  much  as 
0.10  of  an  inch  from  either  the  bare  soil  or  the  sod,  and  where 
there  were  no  complicating  conditions  which  would  affect  the  re- 
sults. Storms  in  which  the  precipitation  occurred  as  snow  are 
not  included.  In  a  few  cases  the  Dayton  daily  records  have  been 
utilized  in  determining  the  total  rainfall  during  the  storm  pe- 
riods, as  explained  in  the  discussion  of  table  10. 

A  study  of  the  data  in  table  11  shows  that  while  in  two  cases 
the  upper  6  inches  of  soil  was  not  saturated  when  the  rain  ceased. 
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in  the  remaining  instances  the  ground  contained  about  as  much 
moisture  as  it  can  hold  under  field  conditions.  Moreover,  in  the 
cases  where  the  soil  was  not  saturated,  the  storms  of  December 
16  and  17, 1915,  and  January  27  to  31,  1916,  the  amount  of  mois- 
ture present  was  as  great  or  greater  than  in  the  cases  included 
in  table  10.  No  appreciable  runoff  occurred  from  either  the  bare 
soil  or  the  sod  during  any  of  the  storms  included  in  table  11 
while  considerable  runoff  occurred  from  the  bare  soil  during  all 
of  the  storms  included  in  table  10.  The  fact  that  runoff  did  not 
occur  from  the  bare  soil,  where  there  was  no  appreciable  surface 
storage,  during  the  storms  included  in  table  11,  although  the 
ground  was  practically  saturated  in  most  cases,  indicates  that 
in  these  instances  the  rates  of  precipitation  were  less  than  the 
rates  at  which  water  could  be  absorbed  or  could  percolate 
through  the  two-foot  layer  of  surface  soil  into  the  undferljring 
porous  sand  and  gravel.  Although  parts  of  the  precipitation  on 
the  sod  plats,  where  there  was  some  surface  storage,  may  be  ac- 
counted for  by  evaporation,  it  does  not  seem  probable  that  any 
perceptible  amount  of  the  precipitation  on  the  bare  soil  plats 
could  be  accounted  for  in  this  way.  On  these  plats  practically 
all  of  the  water  must  have  been  absorbed  by  the  soil  or  have  per- 
colated into  the  underlying  materials.  During  the  larger  storms 
such  as  those  of  January  27  to  31,  1916,  and  March  15  to  18, 
1919,  considerable  quantities  of  water  must  have  percolated. 

It  thus  appears  that  for  bare  soil,  where  there  is  practically 
no  surface  storage,  intensity  of  precipitation  has  an  important 
effect  on  runoff.  If  the  intensity  is  greater  than  the  rate  at 
which  water  can  be  absorbed  by  the  surface  soil,  or  greater  than 
the  rate  at  which  it  can  percolate  through  the  soil  when  the 
ground  is  already  saturated,  the  excess  water  must  run  off. 
In  such  cases  the  amount  of  runoff  must  increase  as  the  intensity 
of  rainfall  increases.  Where  the  soil  is  covered  with  sod  or 
with  agricultural  crops  the  surface  storage  acts  as  a  regulating 
reservoir,  holding  the  water  which  falls  during  the  periods  when 
the  intensity  is  greater  than  the  rates  at  which  the  water  can 
enter  the  ground,  and  allowing  it  to  soak  into  the  soil  later, 
when  the  precipitation  is  less  intense.  Consequently  in  such 
cases,  variations  in  the  intensity  of  the  precipitation  are  rela- 
tively less  important  as  regards  runoff. 

Rates  of  Absorption  and  Percolation 

In  the  case  of  the  bare  soil  plats  at  Moraine  Park  a  study  of 
the  intensities  of  precipitation  during  some  of  the  storms  may 
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furnish  approximate  information  regarding  the  rates  at  which 
water  can  be  absorbed  by,  or  can  percolate  through,  the  two- 
foot  layer  of  surface  soil.  The  only  data  on  intensities  available 
for  such  a  study  are  the  graphical  rainfall  records  maintained 
by  the  U.  S.  Weather  Bureau  at  Da5rton,  about  live  miles  north 
of  Moraine  Park.  During  some  of  the  storms  for  which  data  is 
available,  such  as  the  local  thunderstorm  of  August  24,  1919, 
where  the  total  precipitation  at  the  experimental  plats  was  about 
four  times  as  great  as  at  Dayton,  the  intensities  at  the  latter 
location  were,  of  course,  quite  different  from  those  at  Moraine 
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FIG.   9.— RATE  OP  RAINFALL  AT  MORAINE  PARK  DURING  THE 

STORM  OF  JULY  7,  1915. 

The  average  rate  of  absorption  indicated  by  the  horizontal  line  cutting 
through  the  periods  of  most  intense  precipitation,  applies  only  to  the  bare 
soil  plats. 

Park.  During  others,  however,  such  as  the  storms  of  July, 
1915,  and  March  15  to  18,  1919,  which  were  fairly  uniform 
throughout  the  Miami  Valley,  it  is  believed  that  the  Dayton  rec- 
ords furnish  fairly  reliable  information  regarding  the  Moraine 
Park  intensities. 

It  is  also  possible  that  a  study  of  the  excessive  precipitation, 
as  tabulated  from  the  graphical  records  and  published  in  the 
Monthly  Weather  Review,  in  connection  with  a  study  of  the  oc- 
currence of  runoff  on  the  bare  soil  plats  may  throw  some  light 
on  the  capacity  of  the  soil  to  absorb  precipitation  during  intense 
showers.    "Excessive  precipitation"  is  a  term  used  by  the  U.  S. 
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Weather  Bureau  to  denote  intensities  amounting  to  or  exceeding 
the  following  rates : 

Inches   _0.25  0.30  0.35  0.40  0.45  0.50  0.55  0.60  0.65  0.70  0.80 
In  min..      5      10      15     20     25      30     35      40     45      50      60 

Studies  of  rates  of  rainfall  and  of  percolation  or  absorption 
have  been  made  for  some  of  the  storms  for  which  it  is  believed 
that  the  graphical  records  may  be  safely  used.  The  rates  of 
rainfall  in  inches  per  hour  at  Moraine  Park  were  first  platted 
as  illustrated  in  figures  9  and  10.    In  determining  the  intensities 
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RATE  OF  RAINFALL  AT  MORAINE  PARK  DURING  STORM 
OF  MARCH  15  TO  17,  1919. 


The  average  rate  of  percolation  indicated  by  the  horizontal  line 
cutting  through  the  periods  of  most  intense  precipitation,  applies  only  to 
the  bare  soil  plats. 

a^t  the  plats  from  the  Dayton  records  it  was  assumed  that  the 
rates  of  precipitation  at  the  two  places  for  short  periods  of  time 
were  in  the  same  proportion  as  the  total  amounts  for  the  storm 
period.     While  this  assumption  may  be  somewhat  in  error  at 
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times,  it  is  the  only  possible  basis  upon  which  to  proceed.  More- 
over no  storms  have  been  studied  where  the  intensities  at  the 
two  locations  could  have  been  appreciably  different. 

The  rates  of  precipitation  were  calculated  for  short  inter- 
vals of  time,  by  dividing  the  length  of  the  interval  in  hours  into 
the  total  rainfall  in  inches.  In  general,  5-minute  intervals  were 
used  where  the  precipitation  was  excessive,  and  longer  intervals 
where  the  rates  were  not  so  intense.  Although  the  rates  varied 
during  the  intervals  used,  they  were  platted  as  if  they  had  been 
constant.  This  method  is  sufficiently  accurate  for  the  present 
purpose  and  has  the  advantage  that  the  area  under  the  diagram 
is  kept  exactly  equal  to  the  total  precipitation  from  which  the 
rates  were  calculated. 

If  it  is  assumed  that  the  runoff  occurred  during  the  periods 
of  most  intense  precipitation,  that  the  amount  of  water  evapor- 
ated during  these  periods  was  negligible,  and  that  water  en- 
tered the  ground  at  a  uniform  rate  at  such  times ;  then  this  rate 
of  absorption,  or  of  percolation,  as  the  case  may  be,  will  be  rep- 
resented on  the  diagram  by  a  horizontal  line  at  such  a  height 
that  the  total  area  enclosed  between  it  and  the  line  representing 
the  rate  of  precipitation  will  be  equivalent  to  the  total  runoff. 
This  rate  would  be  the  maximum  mean  rate  at  which  water 
could  soak  into  the  bare  soil  under  the  conditions  then  existing. 
It  would  not,  of  course,  be  constant  for  the  different  storms,  but 
would  vary  widely  due  to  variations  in  temperature,  condition 
of  the  surface,  amount  of  soil  moisture  present,  and  rainfall  in- 
tensity. In  fact,  it  would  probably  vary  considerably  during  a 
given  storm.  The  assumption  that  it  would  be  constant  during 
the  periods  of  most  intense  rainfall  may  be  appreciably  in  error 
in  certain  cases.  However,  since  continuous  records  of  runoff 
were  not  secured,  it  is  not  possible  to  allow  for  such  variations. 

Maximum  rates  of  absorption  or  of  i)ercolation  were  deter- 
mined in  the  above  described  manner  for  the  bare  soil  plats  for 
several  storms  occurring  during  different  seasons  of  the  year. 
The  studies  for  the  storms  of  July  7,  1915,  and  March  15  to  17, 
1919,  are  shown  in  figures  9  and  10.  The  rate  at  which  the 
water  entered  the  soil  during  the  July  storm  has  been  termed 
"rate  of  absorption"  since  the  soil  was  not  saturated  when  the 
rain  began  or  after  it  had  ceased.  For  the  March  storm  tjie  rate 
has  been  termed  "rate  of  percolation"  since  in  this  case  the  soil 
was  practically  saturated  when  the  rain  began,   so  that  the 
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greater  part  of  the  water  entering  the  soil  must  have  percolated 
through  the  surface  layer  into  the  underlying  sand  and  gravel. 

The  results  of  the  studies  are  given  in  table  12.  The  amount 
of  moisture  in  the  soil  under  the  bare  surface  when  the  rain  be- 
gan, the  total  precipitation,  the  total  runoff,  and  the  rates  of 
absorption  or  of  percolation  are  included  for  the  various  storms 
investigated.  The  storms  are  arranged  in  the  table  by  dates 
according  to  the  calendar  year,  irrespective  of  the  year  of  their 
occurrence.  The  rates  of  percolation  or  absorption  are  the  ac- 
tual depths  of  water  which  would  be  taken  up  by  the  soil  in  one 
hour  if  the  absorption  rate  existing  during  the  period  in  which 
the  runoff  occurred  continued  that  long. 

A  study  of  the  data  in  table  12,  of  the  rainfall  distribution 
during  the  storms  included  in  this  tabulation,  and  of  excessive 
rainfall  records  at  Dayton,  results  in  three  conclusions  regard- 
ing the  bare  soil  plats  at  Moraine  Park,  as  follows : 

1.  That  water  can  percolate  through  the  two-foot  layer  of 
surface  soil  into  the  underlying  sand  and  gravel,  when  the  ground 
is  saturated  but  not  frozen,  at  a  rate  as  great  as  0.25  of  an  inch 
per  hour. 

2.  That  water  can  be  absorbed  by  the  soil  at  times  when  the 
ground  is  unusually  dry,  at  a  rate  as  great  as  1.00  inch  an  hour 
for  intervals  as  long  as  30  minutes. 

3.  That  water  cannot  be  absorbed  by  the  soil  at  any  time,  no 
matter  how  dry  it  is,  at  a  rate  as  great  as  3.00  inches  per  hour 
for  periods  as  long  as  5  minutes. 


Table  12. — Rainfall  Intensities  and  Rates  of  Percolation  and 

Absorption  at  Moraine  Park 


Moisture  in  Soflf 

ToUl 

Total  Average 

of  Percolation 

Storm 

when  rain  began 

Precipitation 
in  Inches 

Runoff  from 

or  Absorption 

in  per  cent 

Bare  Soil 

in  Inches 

in  Inches 

per  hour 

Mar.  15-17,  1919... 

17.2 

2.81 

0.06 

0.49 

Mar.  26-27,  1916  . . 

16.7 

1.77 

0.28 

0.30 

Apr.     9-10,1919.. 

18.0 

1.53 

0.14 

1.04 

Apr.  30,        1917.. 
May    3-  7,  1916  . . 

17.6 

0.95 

0.46 

0.45 

13.4 

1.75 

0.59 

0.31 

May  11-12,  1918... 

15.8 

2.75 

0.85 

0.27 

July     7,        1915... 

9.4 

2.07 

0.70 

1.00 

Sept.    5,        1915... 

ttl4.3 

2.15 

0.32 

0.40 

Sept.    5-  6,  1916... 

3.7 

4.12 

1.78 

1.21 

tUnder  bare  snrfpre. 

^Depths  of  rainfall  taken  up  by  the  soil  per  hour  during  the  periods 
in  which  runoff  occurred, 
tf Moisture  content  of  soil  on  September  7. 
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The  first  conclusion  was  based  primarily  on  a  study  of  the 
storms  of  March  26  and  27,  1916,  March  15  to  17,  1919,  and 
April  30,  1917.  The  rate  of  1.04  inches  per  hour,  given  for  the 
storm  of  April  9  and  10,  1919,  probably  represents  absorption 
rather  than  percolation.  It  is  comparatively  high  due  to  the 
small  amount  of  runoff  together  with  the  fact  that  the  intense 
rates  of  percipitation  occurred  in  three  separate  showers  no  one 
of  which  lasted  more  than  five  minutes. 

The  second  conclusion  was  based  on  a  study  of  the  storms 
of  July  7,  1915,  and  September  5  and  6,  1916.  The  records  are 
unusually  good  for  the  former.  This  storm  was  fairly  uniform 
throughout  the  valley,  in  intensity  as  well  as  in  duration.  For 
the  latter  it  is  believed  that  the  absorption  rate  is  too  high  due 
to  the  runoff  being  too  low.  The  absorption  rate  for  the  storm 
of  September,  1915,  appears  to  be  low  although  no  satisfactory 
reason  can  be  offered. 

The  third  conclusion  was  based  on  a  study  of  the  excessive 
precipitation  at  Dayton,  as  tabulated  and  published  by  the  U.  S. 
Weather  Bureau,  together  with  the  data  given  in  table  3.  It 
was  found  that  some  water  ran  off  of  the  bare  soil  plats  on  all 
but  one  of  the  31  dates  on  which  excessive  rates  of  precipitation 
occurred  at  Dayton.  The  storm  in  which  no  runoff  occurred  was 
one  in  which  the  total  precipitation  amounted  to  0.80  inches  at 
Dayton  and  only  0.07  inches  at  the  plats,  so  that  the  intensities 
at  the  two  places  were  not  at  all  comparable. 

Some  interesting  observations  on  rainfall  intensities  and  run- 
off conditions  were  obtained  in  Dayton  on  April  20,  1920,  when 
the  soil  was  already  practically  saturated.  A  heavy  shower  oc- 
curring during  the  period  5from  6 :30  to  6 :41  a.  m.  caused  con- 
siderable runoff  from  bare  soil  and  sod  surfaces,  both  level  and 
sloping.  The  total  precipitation  during  this  time  was  0.23  of 
an  inch,  corresponding  to  an  average  rate  of  precipitation  of 
1.25  inches  per  hour.  During  the  period  from  7:20  a.  m.  to 
7:30  a.  m.,  when  the  average  rate  of  precipitation  was  0.54  of 
an  inch  an  hour,  no  runoff  whatever  could  be  noticed  on  either 
bare  soil  or  sod  surfaces  even  on  comparatively  steep  slopes. 
These  observations  would  indicate  that  water  can  be  taken  up 
by  the  soil,  when  the  ground  is  practically  saturated,  at  a  rate 
as  great  as  a  half  an  inch  an  hour  but  that  it  cannot  be  taken 
up  at  a  rate  as  great  as  an  inch  and  a  quarter  an  hour. 

The  rate  at  which  water  can  enter  the  ground  varies  widely 
with  the  composition  and  texture  of  the  soil,  its  temperature. 
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the  type  of  surface  covering,  the  amoimt  of  moisture  present,  and 
the  rainfall  intensity.  Much  has  been  written  on  the  movements 
of  soil  moisture.  To  attempt  any  general  discussion  of  the  mat- 
ter is  beyond  the  scope  of  this  publication.  It  may  be  stated, 
however,  that  the  effect  of  initial  moisture  content  on  the  rate 
of  movement  was  discussed  in  the  Journal  of  Agricultural  Re- 
search, July  16,  1917,  by  F.  S.  Harris  and  H.  W.  Turpin.*  The 
rate  of  movement  was  shown  to  increase  as  the  initial  amount 
of  moisture  present  increased.  It  may  be  mentioned  also  that 
Professor  King  of  Wisconsin  University  found  that  water  would 
percolate  through  a  column  of  clay  loam  14  inches  long  at  a  rate 
of  1.6  inches  depth  in  24  hours.**  However,  as  he  did  not  give 
a  mechanical  analysis  of  the  soil,  it  is  not  possible  to  compare 
his  result  with  the  rate  at  which  water  will  move  through  the 
Moraine  Park  soil. 

Conditions    During   Storm    Periods 

Table  13  contains  the  rainfall  and  runoff  data  for  all  of  the 
large  vStorms  which  occurred  during  the  period  covered  by  the 
records.  The  dates  of  the  storm  periods,  the  total  precipitation, 
the  total  average  runoff  from  each  type  of  surface  covering, 
the  rainfall  which  did  not  run  off,  or  the  retention  as  it  is  termed, 
and  the  ratios  of  the  runoff  to  the  rainfall,  in  per  cent,  are  in- 
cluded for  each  storm.  In  a  few  cases,  where  observations  had 
not  been  made  just  before  and  just  after  the  given  periods,  the 
total  rainfall  was  calculated  from  the  Dayton  daily  records,  as- 
suming that  the  ratio  of  the  precipitation  during  the  storm  to  the 
total  observed  was  the  same  at  both  locations.  This  was  only 
done  in  instances  where  it  was  known  from  a  study  of  other 
data  that  appreciable  errors  could  not  result. 

The  storms  are  arranged  in  the  table  in  groups.  Those  in 
which  the  precipitation  occurred  in  one  day  or  less,  called  one- 
day  storms,  are  included  in  the  first  group;  those  in  which  the 
precipitation  covered  a  period  of  more  than  one  day  and  not 
more  than  two  days,  called  two-day  storms,  are  included  in  the 
second,  and  so  on.  In  each  group  storms  are  arranged  chrono- 
logically. Only  those  storms  have  been  included  in  which  the 
rainfall  amounted  to  or  exceeded  1.00  inch  in  one  day,  1.50  inches 

♦Movemenit  and  Distribution  of  Moisture  in  the  Soil,  by  F.  S.  Harris 
and  H.  W.  Turpin,  Journal  of  Agricultural  Research,  U.  S.  Department 
of  Agriculture,  July  16,  1917. 

♦*The  Soil,  Its  Nature,  Relations,  and  Fundamental  Principles  of 
Management,  by  F.  H.  King,  1906,  page  171. 
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Table  13. — Rainfall,  Runoff,  and  Retention  at  Moraine  Park 

During  Storm  Periods 


Storm  Period 


Total 
Rainfall 

in 
Inch« 


Average  Runoff 
in  Inches 


Sod 


Bare 


Retention 
in  Inches 


Sod 


Bare 


Ratio  of  Runoff 
to  Rainfall,  in  % 


Sod 


Bare 


ONE-DAY  STORMS 


May  20, 
May  30, 
June  2, 
June  15, 
July 
Sept. 
June 
Sept. 
Jan. 
Mar.  13, 
July  7, 
Oct.  18, 
Oct.  29, 
May  12, 
June  6, 
Aug.  12, 
July  20, 
Aug.  24, 


7, 

5, 

2, 

&- 

5, 


1915 
1915 
1915 
1915 
1915 
1915 
1916 
6,  1916 
1917 
1917 
1917 
1917 
1917 
1918 
1918 
1918 
1919 
1919 


1.15 
1.22 

0 
0.01 

0 
•0.18 

1.15 
1.21 

1.15 
1.04 

0.8 

1.14 

0.02 

0.25 

1.12 

0.89 

1.8 

1.10 

0.01 

0.13 

1.09 

0.97 

0.9 

2.07 

0.24 

0.70 

1.83 

1.37 

11.6 

2.15 

0 

0.32 

2.15 

1.83 

1.99 

0.02 

*1.15 

1.97 

0.84 

1.0 

4.12 

0.02 

*1.78 

4.10 

2.34 

0.5 

2.04 

0 

0.72 

2.04 

1.32 

1.31 

0.10 

0.58 

1.21 

0.73 

7.6 

1.25 

0.01 

0.30 

1.24 

0.95 

0.8 

1.29 

0.01 

0.54 

1.28 

0.75 

0.8 

1.14 

0 

0.55 

1.14 

0.59 

2.23 

0.02 

0.85 

2,21 

1.38 

0.9 

1.32 

0 

0.28 

1.32 

1.04 

1.21 

0.02 

0.66 

1.19 

0.55 

1.7 

1.66 

0.01 

0.10 

1.65 

1.56 

0.6 

2.56 

0.17 

1.72 

2  39 

0.84 

6  6 

14.7 
21.9 
11.8 
33.8 
14.9 
57.8 
43.2 
35 
44 
24.0 
41.9 
48.2 
38  1 
21.2 
54 
6 
67 


3 
3 


5 
0 
2. 


TWO-DAY  STORMS 


May 

June 

Sept. 

Nov. 

Mar. 

Sept. 

June 

Aug. 

Oct. 

May 

July 

Apr. 

May 

Oct. 


20-21, 

1-  2, 

26-27, 

18-19, 

26-27, 

27-28, 

27-28, 

21-22, 

18-19, 

11-12, 

22-23, 

9-10, 

8-  9, 

26-27, 


1915 
1915 
1915 
1915 
1916 
1916 
1917 
1917 
1917 
1918 
1918 
1919 
1919 
1919 


1.59 

0 

0.04 

1.59 

1.55 

2.01 

0.02 

0.36 

1.99 

1.65 

1.0 

1.82 

0.01 

0.10 

1.81 

1.72 

0.5 

1.55 

0.01 

0.01 

1.54 

1.54 

0.6 

1.77 

0.01 

0.28 

1.76 

1.49 

0.6 

1.61 
2.67 

0 
0.02 

0 
•1.70 

1.61 
2.65 

1.61 
0.97 

0.7 

2.95 

0.02 

1.44 

2.93 

1.51 

0.7 

1.56 

0.01 

1.54 

1.55 

1.02 

0.6 

2.75 

0.02 

0.85 

2.73 

1  90 

0.7 

3.11 

0.07 

2.22 

3  04 

0.89 

2.3 

1.^3 

0.02 

0.14 

1.51 

1.39 

1.3 

1.57 

0.01 

0.11 

1.56 

1.46 

0.6 

2.19 

0.02 

0.48 

2.17 

1.71 

0.9 

2 

17 

5 

0 


0 

9 
5 
6 


15.8 


63.6 
48.8 
34.6 
30.9 
71.4 
9.1 
7.0 
21.9 


May 

Jan. 

Aug. 

May 

July 

Mar. 

May 


20-22, 
10-12, 

4-  6, 
26-28, 
22-24, 
15-17, 

7-  9, 


1915 
1916 
1916 
1917 
1918 
1919 
1919 


THREE-DAY  STORMS 


2.02 

0.04 

0.19 

1.98 

1.83 

2.0 

2.52 

0.09 

0.22 

2.43 

2.30 

3.6 

2.51 

0.12 

1.26 

3  39 

2.25 

3.4 

2.28 

0.01 

0.90 

2.27 

1.38 

0.4 

3  68 

0.07 

2.33 

3.61 

1.35 

1.9 

2.81 

0.02 

0.06 

2.79 

2.75 

0.7 

2.19 

0.01 

0.33 

2.18 

1.86 

0  5 

FOUR-DAY  STORMS 


FIVE-DAY  STORMS 


9 

8 

35 

39 

63 

2 


4 
7 
9 
5 
3 
1 


15  1 


Aug.  4-  7,  1916 

Mar.  15-18.  1919 

3.63 

2.94 

0.12 

0.02 

1.26 

0.06 

3  51 

2.92 

2.37 
2.88 

3.3 

0.7 

34  7 

2  0 

Aug.    4-  8,  1916 


4.56 


0.13 


1.28 


4.43 


3.28 


2.9 


28.1 


•Record  probably  low. 
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in  two  consecutive  days,  2.00  inches  in  three  consecutive  days, 
and  so  on,  increasing  0.50  of  an  inch  for  each  additional  day. 
Records  have  been  included  for  both  types  of  surface  covering 
whenever  the  above  criterion  was  satisfied  for  one  type.  No 
storms  satisfying  this  criterion  for  periods  longer  than  five  days 
occurred  during  the  time  covered  by  the  data.  The  maximum 
values  of  the  various  quantities  are  indicated  as  in  preceding 
tables.  Storms  in  which  the  precipitation  occurred  as  snow  have 
not  been  included. 

One-day  Storms 

Considering  the  one-day  storms,  an  examination  of  the  data 
in  table  13  shows  that  the  storm  of  September  5  and  6,  1916,  was 
the  one  in  which  the  rainfall  was  greatest.  While  this  storm  is 
included  in  the  one-day  group,  the  total  precipitation  of  4.12 
inches  actually  occurred  in  about  eight  hours.  About  88  per 
cent  of  the  total  fell  in  four  separate  showers  in  the  afternoon 
and  evening  of  the  fifth  and  on  the  morning  of  the  sixth,  in  a 
total  time  of  one  and  three-quarters  hours.  This  storm  occurred 
when  the  ground  was  unusually  dry,  when  there  was  a  fairly 
heavy  growth  of  grass  on  the  sod  plats,  and  when  the  weather 
conditions  were  favorable  for  high  rates  of  evaporation.  On  the 
sod  plats,  where  considerable  surface  storage  was  available,  only 
0.02  of  an  inch  ran  off,  the  remaining  4.10  inches,  the  maximum 
value  of  the  retention  for  the  one-day  storms,  being  taken  up  by 
the  soil  or  evaporated  between  showers.  This  value  of  4.10 
inches,  or  practically  the  entire  precipitation,  is  greater  than  the 
maximum  corresponding  values  for  the  two,  three,  and  four-day 
storms,  being  exceeded  only  by  the  value  of  4.43  inches  for  the 
one  five-day  storm.  On  the  bare  soil  plats,  where  there  was  no 
surface  storage,  1.78  inches,  or  about  43  per  cent  of  the  rainfall, 
ran  off.  This  is  the  maximum  value  of  the  runoff  for  the  one- 
day  periods.  However,  the  precipitation  during  this  storm  was 
so  great  that  in  spite  of  the  relatively  large  amount  of  runoff, 
the  retention  for  the  bare  soil,  2.34  inches,  or  about  57  per  cent 
of  the  rainfall,  was  not  only  the  maximum  value  for  the  one-day 
storms,  but  was  also  greater  than  any  of  the  two-day  values. 

The  maximum  amount  of  runoff  from  the  sod  plats,  for  the 
one-day  periods,  occurred  during  the  storm  of  July  7,  1915. 
This  was  an  intense  storm  of  about  an  hour's  duration,  as  shown 
in  figure  9.  The  runoff  amounted  to  0.24  of  an  inch  or  to  about 
11.6  per  cent  of  the  rainfall,  this  value  of  the  ratio  of  runoff 
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to  rainfall  also  being  the  maximum  for  the  one-day  storms.  In 
fact,  the  runoff  from  the  sod  and  its  ratio  to  the  total  precipita- 
tion were  both  greater  than  during  any  of  the  other  storms  in- 
cluded in  table  13.  The  soil  was  neither  unusually  dry  nor  un- 
usually wet  when  the  rain  began.  The  sod  was  covered  with  a 
fairly  large  growth  of  grass  so  that  considerable  surface  stor- 
age was  available. 

The  maximum  ratio  of  the  runoff  to  the  rainfall  for  the  bare 
soil  plats,  67.2  per  cent,  occurred  during  the  intense  storm  of 
August  24,  1919.  This  storm  occurred  at  a  time  when  the  soil 
contained  more  than  the  ordinary  amount  of  moisture. 

The  greater  number  of  the  one-day  storms  occurred  during 
the  summer  and  fall  months.  Of  the  eighteen  storms  included  in 
this  group,  sixteen  occurred  during  the  months  of  May  to  No- 
vember, inclusive.  Only  two,  the  storms  of  January  5  and  March 
13,  1917,  occurred  during  the  months  of  December  to  April,  in- 
clusive. During  the  storm  of  January  5,  1917,  in  which  the  rain- 
fall amounted  to  2.04  inches,  there  was  no  runoff,  whatever, 
from  the  sod  plats,  and  only  0.72  of  an  inch,  or  about  35  per  cent 
of  the  rainfall,  from  the  bare  soil  plats;  so  that  the  retention 
amounted  to  2.04  and  1.32  inches,  respectively  for  the  two  tjrpes 
of  surface  cover.  During  the  storm  of  March  13,  1917,  in  which 
there  was  only  1.31  inches  of  rain,  the  runoff  amounted  to  0.10 
of  an  inch,  or  about  7.6  per  cent  of  the  rainfall,  in  the  case  of 
the  sod,  and  to  0.58  of  an  inch,  or  about  44  per  cent  of  the  rain- 
fall, in  the  case  of  the  bare  soil.  During  this  storm  the  values 
of  the  retention  were  1.21  and  0.73  inches,  respectively,  for 
the  two  types  of  surface  covering.  Both  of  these  storms  oc- 
curred at  times  when  the  soil  was  saturated  and  contained  no 
frost. 

Two-day   Storms 

Considering  the  two-day  storms  the  maximum  values  of  the 
rainfall,  of  the  runoff,  and  of  the  ratio  of  runoff  to  rainfall  for 
both  types  of  surface  cover,  and  of  the  retention  for  the  sod,  oc- 
curred during  the  storm  of  July  22  and  23,  1918.  The  maximum 
value  of  retention  for  the  bare  soil  occurred  during  the  storm  of 
May  11  and  12,  1918,  amounting  to  1.90  inches,  or  about  69 
per  cent  of  the  total  rainfall  of  2.75  inches.  During  the  July 
storm  the  rainfall  was  3.11  inches;  the  runoff. from  the  sod,  0.07 
of  an  inch,  or  about  2.3  per  cent  of  the  rainfall ;  the  retention  for 
the  sod,  3.04  inches,  or  about  98  per  cent  of  the  rainfall;  the 
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runoff  from  the  bare  soil,  2.22  inches,  or  about  71  per  cent  of 
the  rainfall ;  and  the  retention  for  the  bare  soil,  0.89  inches,  or 
about  29  per  cent  of  the  rainfall.  During  the  May  storm  the 
runoff  from  the  bare  soil  amounted  to  only  0.85  of  an  inch,  or 
about  31  per  cent  of  the  rainfall.  The  July  storm  occurred  when 
the  soil  was  unusually  dry.  The  May  storm  occurred  when  the 
ground  was  practically  saturated.  The  fact  that  the  runoff  from 
the  bare  soil  during  the  July  storm,  when  the  ground  was  dry, 
was  much  greater  than  during  the  May  storm,  when  the  soil  was 
practically  saturated,  is  explained  by  a  consideration  of  the  in- 
tensities of  the  precipitation  during  the  two  storms,  the  intensi- 
ties during  the  July  storm  being  much  greater  than  during  the 
May  storm. 

It  will  be  noticed  that  in  this  group,  also,  the  greater  number 
of  storms  occurred  during  the  summer  and  fall  months.  Of  the 
fourteen  two-day  storms,  twelve  occurred  during  the  months  of 
May  to  November,  inclusive.  Only  two,  the  storms  of  March  26 
and  27,  1916,  and  April  9  and  10,  1919,  occurred  during  the 
months  of  December  to  April,  inclusive.  These  two  storms  oc- 
curred when  the  upper  foot  of  soil  was  practically  saturated. 
During  the  March  storm,  the  greater  of  the  two,  the  rainfall 
was  1.77  inches;  the  runoff,  0.01  of  an  inch,  or  about  0.6  per 
cent  of  the  rainfall,  in  the  case  of  the  sod,  and  0.28  of  an  inch, 
or  about  16  per  cent  of  the  rainfall,  in  the  case  of  the  bare  soil; 
the  retention  1.76  inches,  or  practically  the  entire  rainfall,  in 
the  case  of  the  sod,  and  1.49  inches,  or  about  84  per  cent  of 
the  rainfall,  in  the  case  of  the  bare  soil. 

Three-day   Storms 

In  studying  the  three-day  storms  it  will  be  noticed  that  the 
maximum  values  of  the  various  quantities  were  distributed 
among  four  of  the  seven  storms.  The  maximum  values  of  rain- 
fall, of  runoff  from  the  bare  soil,  of  ratio  of  runoff  to  rainfall 
for  the  bare  soil,  and  of  retention  for  the  sod,  occurred  during 
the  storm  of  July  22  to  24,  1918.  This  storm  was  the  one  which 
^ave  the  maximum  two-day  values.  For  the  three-day  period  thn 
rainfall  amounted  to  3.68  inches,  a  value  greater  than  either  of 
the  storms  included  in  the  four-day  group ;  the  runoff,  to  0.07  of 
an  inch,  or  about  2  per  cent  of  the  rainfall,  in  the  case  of  the  sod, 
and  to  2.33  inches,  or  about  63  per  cent  of  the  rainfall,  in  the 
case  of  the  bare  soil ;  and  the  retention  to  3.61  inches,  or  about 
98  per  cent  of  the  rainfall,  in  the  case  of  the  sod,  and  to  1.35 
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inches,  or  about  37  per  cent  of  the  rainfall  in  the  case  of  the  bare 
soil.  The  maximum  absolute  value  of  the  runoff  from  the  sod 
occurred  during  the  storm  of  August  4  to  6,  1916,  amounting  to 
0.12  of  an  inch,  or  about  3.4  per  cent  of  the  rainfall.  This  storm 
occurred  when  the  soil  was  dryer  than  at  any  other  time  during 
the  four  and  a  half  years  covered  by  the  data.  The  maximum 
value  of  the  ratio  of  the  runoff  to  the  rainfall  for  the  sod  oc- 
curred during  the  storm  of  January  10  to  12,  1916,  amounting 
to  3.6  per  cent.  The  maximum  value  of  the  retention  for  the 
bare  soil  occurred  during  the  storm  of  March  15  to  17,  1919, 
amounting  to  2.75  inches,  or  to  practically  the  entire  rainfall. 
The  comparatively  small  amount  of  runoff  during  this  storm, 
only  0.06  of  an  inch,  was  due  to  the  comparatively  low  rates  of 
precipitation,  see  figure  10.  Although  the  ground  was  practically 
saturated  at  the  time,  the  intensities  of  precipitation  were  so 
low  that  the  water  could  percolate  through  the  surface  soil  into 
the  sand  and  gravel  as  fast  as  it  fell. 

Only  two  of  the  seven  storms  included  in  this  group  fell  dur- 
ing the  months  of  December  to  April,  inclusive,  these  two  being 
the  storms  of  January,  1916,  and  March,  1919,  mentioned  above. 
Of  the  remaining  five,  three  were  in  May,  one  in  July,  and  one 
in  August. 

Four-day  Storms 

Only  two  four-day  storms  appear  in  the  table.  These  are 
the  storms  of  August  4  to  7,  1916,  and  March  15  to  18,  1919,  the 
three-day  periods  of  which  were  discussed  above.  The  retention 
for  the  bare  soil  during  the  March  storm,  2.88  inches,  or  about 
98  per  cent  of  the  rainfall,  is  the  only  quantity  in  this  group 
which  was  not  exceeded  during  some  one  of  the  preceding  one, 
two,  or  three-day  storms. 

Five-day   Storms 

The  only  storm  appearing  in  this  group  is  the  storm  of  Au- 
gust 4  to  8,  1916,  the  three  and  four-day  periods  of  which  are 
also  included  in  the  table.  The  total  rainfall  for  the  five-day 
period  amounted  to  4.56  inches.  The  total  runoff,  however, 
amounted  to  only  0.13  inches,  or  to  about  3  per  cent  of  the  rain- 
fall, in  the  case  of  the  sod ;  and  to  only  1.28  inches,  or  to  about 
28  per  cent  of  the  rainfall  in  the  case  of  the  bare  soil.  The  run- 
off was  comparatively  small  due  to  the  comparatively  low  rates 
of  rainfall  and  due  to  the  fact  that  the  soil  was  unusually  dry. 
The  retention  amounted  to  4.43  inches,  or  about  97  per  cent  of 
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the  rainfall,  in  the  case  of  the  sod ;  and  to  3.28  inches,  or  about 
72  per  cent  of  the  rainfall,  in  the  case  of  the  bare  soil. 


ANNUAL  SURFACE  RUNOFF 

Table  14  contains  the  total  precipitation,  the  total  surface 
runoff  from  each  type  of  surface  cover,  and  the  ratio  of  surface 
runoff  to  rainfall,  for  each  year  for  which  records  are  available. 
Maximum  and  minimum  values  are  indicated  as  in  preceding 
tables.  Averages  of  the  various  quantities  are  given  at  the  bot- 
tom of  the  table,  although  the  four-year  record  is,  of  course, 
too  short  to  give  reliable  averages.  The  quantities  were  calcu- 
lated for  the  year  ending  September  30,  in  each  case,  since  that 
is  the  year  generally  used  in  tabulating  stream  flow  records  in 
this  part  of  the  United  States. 

An  examination  of  table  14  shows  that  the  minimum  values 
of  annual  surface  runoff  occurred  in  the  year  ending  September 
30,  1919,  amounting  to  0.40  inches  for  the  sod  and  to  5.64  inches 
for  the  bare  soil ;  and  that  the  maximum  values  occurred  in  the 

Table  14. — Annual  Surface  Runoff  and  Rainfall  at  Moraine  Park 


Year 

Ending 

September  SO 

Total  Surface  Runoff 
in  Inches 

ToUl 

Rainfall 

in  Inches 

Ratio  of  Surface  Runoff 
to  Rainfall,  in  per  cent 

Sod 

Bare 

Sod 

Bare 

Average 

1916 

1917 

1918 

1919 

.85 

.88 

2.82 

.40 

6.52 

9.15 

12.99 

5.64 

44  72 
37.59 
38.27 
35  77 

1.9 

2.3 
7.4 
1.1 

14  6 

24.4 
34.0 

15.8 

8.2 
13.4 
20.7 

8.4 

Average 

1.24 

8.58 

39  09 

3  2         22  2 

12.7 

preceding  year,  amounting  to  2.82  inches  for  the  sod  and  to  12.99 
inches  for  the  bare  soil.  The  average  value  of  the  ratio  of  runoff 
to  rainfall  for  the  two  types  of  surface  covering  was  8.4  per  cent 
in  1919  and  20.7  per  cent  in  1918.  A  value  of  8.  2  per  cent,  or 
0.2  of  a  per  cent  less  than  the  1919  value,  occurred  in  1916.  The 
average  for  the  four  years  was  12.7  per  cent.  The  average  an- 
nual surface  runoff  was  1.24  inches  for  the  sod  and  8.58  inches 
for  the  bare  soil,  averaging  4.91  inches.  The  average  annual 
rainfall  for  the  four  years  was  39.09  inches  or  slightly  more  than 
the  mean  annual  value  of  38.14  inches  determined  for  the  Day- 
ton station  from  a  36-year  record. 

If  it  is  assumed  that  the  average  annual  runoff  from  the 
Moraine  Park  areas,  including  the  ground  water  flow  as  well  as 


92  MIAMI  CONSERVANCY  DISTRICT 

the  surface  runoff,  is  one-third  of  the  average  annual  rainfall, 
or  13.0  inches,  an  assumption  which  will  be  corroborated  in  a 
later  chapter,  the  average  annual  value  of  the  ground  water  flow, 
or  percolation,  for  the  two  types  of  surface  cover,  is  found  to  be 
about  8.1  inches.  That  is,  the  annual  surface  runoff  is  about 
12.5  per  cent,  and  the  annual  percolation,  about  20.7  per  cent 
of  the  annual  rainfall. 

SUMMARY 

The  principal  conclusions  reached  from  the  studies  of  the 
Moraine  Park  experiments  may  be  summarized  as  follows: 

1.  That  the  surface  soil,  which  extends  only  to  a  depth  of 
about  2  feet,  weighs  about  100  pounds  per  cubic  foot,  in  place, 
when  dry. 

2.  That  the  soil  when  saturated  contains  an  amount  of  mois- 
ture equal  to  about  41  per  cent  of  the  volume,  or  about  25  per 
cent  of  the  dry  weight  of  the  soil. 

3.  That  during  the  dryest  times  of  the  summer  the  2-fo.ot 
depth  of  soil  never  contains  less  than  from  3  to  4  per  cent  of 
moisture,  by  weight. 

4.  That  the  moisture  holding  capacity  of  the  2-foot  layer  of 
soil  is  about  21  per  cent  by  weight. 

5.  That  the  soil  is  generally  dryest  in  the  late  summer  or 
early  fall,  during  the  months  of  July,  August,  or  September ;  and 
wettest  in  the  late  winter  or  early  spring,  during  the  months  of 
January,  February,  or  March. 

6.  That  the  amount  of  moisture  in  the  soil  gradually  in- 
creases in  the  fall,  during  the  months  of  October,  November,  and 
December;  that  it  does  not  change  much  during  the  winter 
months,  even  in  the  absence  of  rainfall;  and  that  it  begins  to 
diminish  appreciably  in  the  spring,  during  the  months  of  April 
or  May. 

7.  That  the  upper  2  feet  of  soil  seldom,  if  ever,  becomes  filled 
with  capillary  water  during  the  months  of  June,  July,  or  August, 
even  though  the  rainfall  is  considerably  greater  than  normal. 

8.  That  variations  in  the  amount  of  soil  moisture  for  short 
periods  of  time  are  much  greater  in  the  summer  than  in  the 
winter. 

9.  That  during  the  summer,  rates  of  evaporation  from  bare 
soil  and  of  transpiration  and  evaporation  from  sod  surfaces,  may 
be  as  great  as  a  half  an  inch  per  day  for, periods  as  long  as  five 
days. 

10.  That  during  the  months  of  January  and  February  soil 
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evaporation,    under  the   most   favorable   conditions,   does   not 
amount  to  more  than  from  0.02  to  0.05  of  an  inch  per  day. 

11.  That  the  average  rate  of  evaporation  from  snow  surfaces 
during  the  period  from  December  3,  1917,  to  February  11,  1918, 
was  about  0.023  inches  per  day. 

12.  That  the  actual  amount  of  moisture  in  the  upper  2  feet 
of  soil  is  equivalent  to  a  depth  of  about  1.5  inches  when  the  soil 
is  dryest,  and  to  a  depth  of  about  8  inches  when  the  soil  con- 
tains the  maximum  amount  of  capillary  water,  the  difference 
in  the  two  amounts  being  about  6.5  inches. 

13.  That  the  difference  between  the  amount  of  water  in  the 
upper  2  feet  during  the  ordinary  dry  periods  of  the  summer  and 
the  amount  present  during  the  winter  is  about  5  inches. 

14.  That  the  amount  of  water  absorbed  by  the  upper  2  feet 
during  individual  storms  was  greatest  during  the  storni  of  Au- 
gust 4  to  8,  1916,  amounting  to  about  4.0  inches,  the  total  pre- 
cipitation being  4.56  inches. 

15.  That  the  amount  of  water  absorbed  by  the  upper  2  feet 
during  a  given  storm  is  greater  under  sod  surfaces  than  under 
bare  soil  surfaces. 

16.  That  for  extremely  small  areas,  such  as  the  Moraine  Park 
plats,  the  occurrence  and  amount  of  runoff  are  affected  much 
less  by  surface  slope  than  by  surface  cover. 

17.  That  appreciable  surface  runoff  frequently  occurs  during 
intense  summer  storms  when  the  upper  6  inches  of  soil  are  not 
nearly  saturated. 

18.  That  surface  runoff  does  not  occur  during  some  less  in- 
tense storms  even  though  the  ground  is  saturated. 

19.  That  water  can  percolate  through  the  2-foot  layer  of  sur- 
face soil  on  the  bare  soil  plats  at  Moraine  Park,  when  the  ground 
is  saturated  but  not  frozen,  at  a  rate  as  great  as  0.  25  of  an  inch 
per  hour. 

20.  That  water  can  be  absorbed  by  the  bare  soil  at  times 
when  the  soil  is  unusually  dry,  at  a  rate  as  great  as  1.00  inch  per 
hour  for  intervals  as  long  as  30  minutes. 

21.  That  water  cannot  be  absorbed  by  the  bare  soil  at  any 
time,  no  matter  how  dry  it  is,  at  a  rate  as  great  as  3.00  inches 
per  hour  for  periods  as  long  as  5  minutes. 

22.  That  the  maximum  values  of  the  retention  during  sum- 
mer storms  covering  periods  of  1,  2,  3,  4,  and  5  days  amounted 
to  4.10,  3.04,  3.61,  3.51,  and  4.43  inches,  respectively,  in  the  case 
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of  the  sod  plats,  and  to  2.34,  1.90,  2.25,  2.37,  and  3.28  inches, 
respectively,  in  the  case  of  the  bare  soil  plats. 

23.  That  similar  values  for  winter  storms  for  periods  of  1, 
2,  3,  and  4  days  amounted  to  2.04,  1.76,  2.79,  and  2.92  inches, 
respectively,  in  the  case  of  the  sod  plats,  and  to  1.32,  1.49,  2.75, 
and  2.88  inches,  respectively,  in  the  case  of  the  bare  soil  plats. 
However  the  values  of  retention  for  the  winter  storms  are  not 
directly  comparable  with  those  for  the  summer  storms  owing  to 
differences  in  precipitation. 

24.  That  the  annual  surface  runoff  at  Moraine  Park  amounts 
to  about  one-eighth  of  the  rainfall  and  that  the  annual  percola- 
tion amounts  to  about  one-fifth  of  the  rainfall. 


CHAPTER  IV.— SPRINKLING  EXPERIMENTS 

In  the  summer  of  1920  experiments  on  rainfall  and  runoff 
were  undertaken  in  which  rainfall  effects  were  produced  artifi- 
cially by  sprinkling.  The  work  was  begun  at  the  Moraine  Park 
plats  with  the  object  of  developing  a  method  by  which  rainfall 
and  runoff  relations  could  be  determined  for  a  given  watershed, 
without  waiting  the  comparatively  long  time  required  for  the 
accumulation  of  sufficient  records  from  natural  rainfall.  This 
object  was  accomplished  in  the  first  experiments.  It  was  found 
that  the  sprinkling  method  was  practicable  and  that  the  re- 
sults obtained  agreed  with  the  data  previously  collected.  It  was 
then  decided  to  continue  the  experiments  at  Moraine  Park  and 
also  to  conduct  similar  experiments  at  other  places  in  the  Miami 
Valley  where  different  soil  conditions  existed.  The  object  of 
continuing  the  experiments  was  to  secure  data  on  runoff  and 
retention  during  unusually  heavy  rainstorms,  such  as  those  for 
which  the  Miami  Valley  flood  prevention  works  are  designed; 
and  also  to  secure  data  for  use  in  studying  the  general  relations 
between  rainfall  and  runoff. 

DESCRIPTION  OF  PLATS 

The  Moraine  Park  plats  have  been  fully  described  in  the  pre- 
ceding chapter.  Four  additional  plats  were  established  at  the 
Taylorsville  Dam.;  two  in  the  bottom  of  the  valley,  where  the 
surface  soil  is  a  rich  black  alluvial  deposit  underlaid  by  glacial 
till,  and  two  on  the  top  of  the  hill  near  the  west  end  of  the  Dam, 
where  the  surface  soil  is  a  compact  yellow  clay  till.  Two  plats 
were  established  at  each  place  so  that  two  experiments  could  be 
run  without  waiting  for  the  soil  to  dry  out.  The  plats  on  the  hill 
were  located  in  an  alfalfa  field  where  the  growth  was  compara- 
tively thin.  Those  in  the  valley  were  located  near  the  commis- 
sary gardens  where  a  rather  heavy  growth  of  weeds  had  just 
been  removed  and  where  the  soil  had  not  been  cultivated  for  a 
year  or  more. 

The  black  soil  in  the  valley  extends  to  a  depth  of  about  two 
feet.  For  depths  of  from  two  to  about  eight  feet  the  material 
is  a  yellow  clay  till  somewhat  similar  to  that  on  the  hill.    Below 

95 


96 


MIAMI  CONSERVANCY  DISTRICT 


a  depth  of  eight  feet  the  material  is  almost  entirely  sand  and 
gravel.  At  the  hill  plats  the  yellow  till  extends  to  depths  of 
twenty-five  feet  or  more,  and  varies  but  little  at  the  different 
depths.    Some  humus  is  present  in  the  surface  foot  at  each  lo- 


Table  15. — Mechanical  Analyses  of  TaylorsviUe  Soils  Made  by  Bureau  of  Soils, 

U.  S.  Department  of  Agriculture 


Depth 

Peroentagea  of  Soil  particles  of  following  diametere  in  mm. 

Sample 
Numoer 

below 
Surface 

Feet 

2-1 

1-0.5 

0.6-0.25 

0.26-0.10 

0.10-0.06 

0.06-0.005 

0.006-0 

PLATS  1  AND  2 

1 

1.0 

0.8 

1.8 

2.0 

6.3 

13  5 

50.0 

25.9 

2 

1.5 

1.2 

3.1 

2.3 

13.6 

9.6 

45.7 

24.4 

3 

2.0 

0.8 

1.8 

1.6 

9.6 

9.8 

50.4 

26.0 

4 

2.5 

0.0 

1.3 

1.1 

8.0 

8.6 

56.2 

24.9 

5 

3.0 

0.0 

0.0 

1.5 

6.7 

8.8 

60.0 

23.0 

6 

3.5 

0.0 

0.6 

0.7 

9.2 

10.8 

56.4 

22.2 

7 

4.0 

0.0 

0.8 

1.7 

20.5 

13.8 

42.2 

21.1 

8 

4.5 

1.9 

6.1 

3.5 

20.6 

14.9 

32.0 

20.9 

9 

5.0 

1.6 

3.2 

2.1 

16.4 

11.2 

3S.0 

27.4 

10 

5.5 

7.0 

11.2 

2.5 

9.3 

13.2 

33.7 

23  0 

PLATS  3  AND  4 

11 

0.5 

1.0 

0.8 

1.1 

7.0 

8.3 

50.2 

31.5 

12 

1.0 

1.1 

3  0 

1.9 

11.4 

9.5 

38.0 

35.0 

13 

1.5 

0.8 

3  0 

2.2 

14.5 

13.5 

34.2 

31.8 

14 

2.0 

1.8 

4.4 

2.5 

12.2 

14.2 

38.2 

26.9 

15 

2  5 

2.8 

7.1 

3.5 

13.3 

15.3 

38.0 

19.9 

16 

3  0 

2.5 

6.1 

3  6 

13  3 

14.3 

42.3 

18.2 

17 

3.5 

3.1 

6.2 

3.6 

13.2 

14.6 

39.4 

20.2 

18 

4.0 

3  5 

6.2 

3  4 

13.9 

13.8 

39.1 

20.5 

19 

4.5 

4  3 

7.0 

3.7 

14.0 

14.6 

39.2 

17.0 

20 

5.0 

3  4 

6.4 

3  5 

13.8 

15.3 

3S  2 

19  5 

cation.  Table  15  gives  the  results  of  soil  analyses  made  by  the 
Bureau  of  Soils,  U.  S.  Department  of  Agriculture. 

In  the  valley  the  ground  surface  is  practically  level,  the  slopes 
being  only  great  enough  to  cause  the  water  to  drain  toward  the 
tile  outlets.  On  the  hill  the  surface  slopes  toward  the  outlets  at  a 
rate  of  about  0.5  feet  in  10  feet. 

Figure  11  shows  the  valley  plats  and  figure  12  shows  the  hill 
plats,  plats  being  numbered  consecutively  for  convenience  in  the 
following  discussions.  Each  plat  is  5  feet  square,  as  at  Moraine 
Park.  It  will  be  noticed  that  some  vegetation  is  present  in  plat 
1,  in  the  valley,  and  in  both  plats  on  the  hill.  Plat  2,  in  the  val- 
ley, was  spaded  to  a  depth  of  about  6  inches  and  ^hen  raked  so 
as  to  correspond  to  a  corn  field  after  planting  and  dragging. 

The  plats  were  separated  from  the  adjacent  land  by  galvan- 
ized sheet  iron  boundaries  extending  about  4  inches  above  the 
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jTOund  and  about  20  inches  below.  The  comers  were  soldered 
so  as  to  be  water-tight.  In  setting  the  boundaries  care  was  taken 
not  to  disturb  the  areas  within  the  plats,  the  trenches  being  dug 
entii*ely  on  the  outside  of  the  plats  and  with  vertical  smooth  walls 
on  the  sides  where  the  sheet  iron  was  to  be  set.  After  setting  the 
boundaries  to  the  required  depth  the  trenches  were  carefully 
backfilled  and  puddled  so  as  to  be  as  nearly  water-tight  as  pos- 
sible. 

Tanks  to  catch  the  runoff  were  set  between  the  plats  at  each 
location,  as  shown  in  the  figures,  and  were  connected  to  the  plats 
by  3-inch  sewer  pipe.  Care  was  taken  to  obtain  water-tight 
joints  where  the  pipe  pass  through  the  boundaries.  One  tank 
was  sufficient  for  both  plats  in  each  case,  since  only  one  plat  was 
to  be  experimented  on  at  a  time.  The  tanks  were  provided  with 
covers  so  that  they  could  be  kept  covered  when  experiments  were 
not  being  made. 

METHODS  OF  EXPERIMENTATION 

Water  was  applied  with  the  two  garden  sprinkling  cans 
shown  in  figure  11,  in  all  experiments  except  the  first,  when  only 
one  can  was  available.  The  cans  are  identical  in  capacity  as 
well  as  in  size  and  number  of  nozzle  openings.  In  running  the 
experiments  they  were  filled  to  marks  previously  located,  at  which 
the  capacity  of  the  can  is  equivalent  to  a  depth  of  0.20  of  an  inch 
over  one  of  the  plats.  The  cans  were  marked  "A"  and  "B' '  for 
convenience  in  recording  the  data.  The  amount  of  precipitation 
was  determined  by  recording  the  number  of  cans  applied,  and 
the  rate  of  precipitation  was  obtained  by  recording  the  time  re- 
quired to  empty  them.  Different  rates  of  precipitation  were 
obtained  by  plugging  different  numbers  of  nozzle  openings. 

The  amount  of  runoff  was  determined  by  measuring  the 
depth  of  water  in  the  tank,  and  the  rate  of  runoff  was  obtained 
by  noting  the  time  required  for  the  tank  to  fill  to  the  different 
depths.  The  gage  used  in  measuring  the  d^ths  is  shown  in  fig- 
ure 11.  It  was  made  by  fastening  two  rain  gage  measuring 
sticks  on  to  a  small  rod.  Depths  were  measured  to  the  nearest 
tenth  of  an  inch  and  observations  were  made  every  three  or  four 
minutes. 

In  running  experiments  one  man  sprinkled  while  another 
filled  the  empty  can,  measured  depths  in  the  tank,  and  recorded 
the  necessary  data.  The  general  procedure  was  to  apply  water 
at  a  constant  rate  until  the  surface  became  saturated,  and  then 
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to  vary  the  rate  of  application  through  a  range  corresponding  to 
actual  rainfall  conditions.  The  plat  was  then  allowed  to  dry  out 
to  its  original  condition  before  a  second  experiment  was  run. 

A  split-second  stop  watch  was  used  in  determining  time.  Al- 
though it  gave  a  little  greater  precision  than  was  necessary^  it 
was  more  convenient  to  use  than  an  ordinary  watch.  Times  were 
observed  and  recorded  to  the  nearest  second. 

Soil  samples,  for  determining  the  amount  of  moisture  in  the 
ground  when  the  experiments  were  started,  were  taken  from 
places  just  outside  the  plats.  Samples  were  not  taken  after  the 
experiments  were  finished  since  it  would  have  been  necessary  to 
take  them  from  within  the  plats.  It  was  desired  to  keep  the  soil 
within  the  plats  undisturbed  90  that  subsequent  experiments 
could  be  made  with  similar  soil  conditions.  Experimen1;s  were 
not  repeated  on  a  given  plat  until  a  sufficient  time  had  elapsed 
for  the  moisture  content  of  the  soil  within  the  plat  to  become 
equal  to  that  of  the  soil  just  outside. 

In  addition  to  the  rainfall  and  runoff  experiments  conducted 
on  the  plats,  a  few  supplementary  experiments  were  made  on 
areas  lying  near  the  plats,  for  the  purpose  of  determining*  how 
long  different  rates  of  rainfall  must  continue  before  runoff  be- 
gins. These  experiments  were  made  by  marking  off  areas 
similar  in  size  and  in  surface  characteristics  to  the  areas  within 
the  plats  and  then  sprinkling  them  at  different  rates  until  runoff 
began.  The  time  elapsing  between  the  beginning  of  the  sprink- 
ling and  the  beginning  of  the  runoff  was  observed  for  each  rate 
of  application. 

RESULTS  OF  EXPERIMENTS 

The  results  of  the  different  experiments  are  given  in  tables 
16  to  19,  inclusive.  Tables  16  and'  17  give  the  rainfall,  retention, 
and  runoff  data  obtained  at  the  Moraine  Park  and  Taylorsville 
plats,  respectively,  arranged  by  runs;  table  18  gives  the  total 
rainfall,  runoff,  and  retention  for  the  various  experiments ;  and 
table  19  gives  the  data  on  the  conditions  necessary  for  runoff  to 
begin,  obtained  during  a  few  special  runs  made  at  various  loca- 
tions. 

In  tables  16  and  17  the  total  sprinkling  time  in  hours ;  the 
total  rainfall,  retention,  and  runoff,  in  inches;  and  the  average 
rates  of  rainfall,  retention,  and  runoff,  in  inches  per  hour,  are 
given  for  the  various  runs  in  which  the  experiments  were  con- 
ducted.   The  total  quantities  for  each  experiment,  or  series  of 
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runs,  are  given  immediately  following  the  last  run  of  the  series. 
Columns  are  also  included  giving  the  experiment  number,  the 
run  number,  the  date,  the  time  between  successive  runs  on  the 
same  day,  or  on  consecutive  days,  in  hours  and  minutes,  the 
ratio  of  total  runoff  to  total  rainfall  in  per  cent,  the  average 
rate  of  sprinkling  in  inches  per  hour  before  runoff  began,  the 
time  in  minutes  before  runoff  began,  the  total  precipitation  be- 
fore runoff  began,  and  the  condition  of  the  plats  when  the  exper- 
iments were  started. 

For  runs  1  to  8,  inclusive,  and  runs  23  and  24,  given  in  table 
16,  where  the  water  was  applied  with  one  sprinkling  can,  the 
time  of  sprinkling  is  the  net  time,  not  including  the  intervals  re- 
quired to  fill  the  can.  The  rate  of  runoff  was  computed  by  using 
the  total  net  time  in  which  runoff  occurred,  and  the  rate  of  reten- 
tion was  obtained  by  assuming  the  time  in  which  the  retention 
took  place  to  be  the  same  as  the  total  sprinkling  time.  Con- 
sequently the  differences  between  the  rates  of  precipitation  and 
runoff  are  not  exactly  equal  to  the  rates  of  retention.  It  might 
have  been  better  to  have  computed  the  rates  of  runoff  and  re- 
tention in  a  slightly  different  manner  but  since  these  experiments 
were  more  or  less  of  a  preliminary  nature  the  data  has  not  been 
recalculated. 

The  sprinkling  was  continuous  during  all  of  the  remaining 
runs  of  table  16  and  during  all  runs  of  table  17.  For  these  runs 
slightly  different  methods  of  compilisttion  were  used.  In  calcu- 
lating the  average  rate  of  runoff  for  a  given  run  the  short  pe- 
riods of  time  at  the  beginning  and  ending  of  the  run,  in  which 
the  rate  of  runoff  was  changing  greatly,  were  not  considered. 
The  rate  of  retention  was  obtained  by  simply  subtracting  the 
rate  of  runoff  from  the  rate  of  rainfall. 

In  all  instances  the  total  time  given  for  a  certain  experiment, 
or  series  of  runs,  is  the  actual  time  from  the  beginning  of  the 
first  run  to  the  end  of  the  last  run,  including  nights  as  well  as 
other  intervening  periods,  rather  than  the  total  of  the  sprinkling 
times  for  the  runs  included  in  the  experiment.  For  runs  1  to  8, 
inclusive^  in  table  16,  a  second  set  of  totals  is  given,  in  which  are 
included  the  actual  rainfall  and  runoff  quantities  which  occurred 
during  the  evening  of  June  2. 

In  table  18  the  total  quantities  for  the  different  experiments 
are  brought  together  so  that  they  may  be  studied  collectively. 
The  total  time  from  the  beginning  of  the  first  run  to  the  end  of 
the  last  run  in  hours,  the  total  sprinkling  time  in  hours,  the  total 
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rainfall,  retention,  and  runoff,  in  inches,  the  ratio  of  total  run- 
off to  total  rainfall  in  per  cent,  and  the  rate  of  retention  during 
the  last  run  in  inches  per  hour,  are  given  for  each  experiment, 
experiments  being  arranged  chronologically  and  numbered  con- 
secutively. 

In  table  19  the  average  rate  of  sprinkling  in  inches  per  hour, 
the  time  in  minutes,  and  the  total  precipitation  in  inches,  be- 
fore runoff  began,  are  given  for  the  special  runs  made  in  order 
to  study  the  conditions  causing  runoff  to  begin.  Run  numbers, 
dates,  locations,  and  surface  conditions  are  also  noted. 

Figures  13  to  21,  inclusive,  show  graphically  the  data  ob- 
tained in  the  various  experiments.  Figures  13  to  15  show  the 
results  obtained  on  the  bare  soil  plats  at  Moraine  Park,  and  fig- 
ures 16  to  21  show  those  obtained  on  the  Taylorsville  plats.  The 
data  secured  on  the  sod  plat  at  Moraine  Park  is  so  unusual,  as 
will  be  explained  later,  that  it  has  not  been  platted.  The  rain- 
fall, retention,  and  runoff  are  shown  by  means  of  mass  curves, 
separate  curves  being  drawn  for  each  day's  observations.  The 
rates  of  rainfall,  retention,  and  runoff  are,  of  course,  shown  by 
the  slopes  of  the  lines.  The  various  runs  are  numbered,  as  in 
tables  16  and  17.  Intervals  between  runs  made  on  the  same 
day  are  indicated  by  the  horizontal  portions  of  the  curves.  The 
comparatively  steep  parts  of  the  retention  curves  at  the  begin- 
nings of  the  runs,  and  also  the  small  peaks  or  humps  near  the 
ends  of  the  runs,  are  due  to  surface  storage. 

RAINFALL,  RETENTION,  AND  RUNOFF 

Reference  to  table  18  shows  that  with  one  or  two  exceptions 
the  total  quantities  of  water  applied  in  the  various  experiments 
were  larger  than  any  actual  rainfalls  on  record  in,  or  near,  the 
Miami  Valley.  With  the  exception  of  experiments  1,  2,  and  11, 
the  rainfall  varied  from  12.00  inches  in  about  5  hours  to  17.83 
inches  in  about  30  hours;  the  total  runoff,  from  7.95  to  13.70 
inches;  and  the  total  retention,  from  2.10  to  9.88  inches.  In 
experiment  1  the  total  rainfall  was  8.70  inches  in  about  2  days. 
Experiment  2  was  run  on  the  level  sod  plat  at  Moraine  Park 
where  the  soil  conditions  were  unusual.  In  experiment  11  the 
rate  of  application  was  purposely  kept  low  in  order  to  study  the 
retention  for  less  intense  storms. 

As  noted  in  tables  16  and  17  the  soil  in  all  instances,  was 
comparatively  dry  when  the  experiments  were  started.  The 
ground  at  Taylorsville  was  a  little  drier  in  October,  when  experi- 
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PIG.  13.— EXPERIMENT  1,  MADE  ON  THE  LEVEL  BARE  SOIL  PLAT 

AT  MORAINE  PARK,  JUNE  1  TO  3,  1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  14.— EXPERIMENT  3,  MADE  ON  THE  LEVEL  BARE  SOIL  PLAT 

AT  MORAINE  PARK,  JULY  22  TO  23,  1920. 

The  carves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant 


RAINFALL  AND  RUNOFF 


109 


21^0  2S0 

T/me  in  Msm/fes 


4S0 


FIG.   15.— EXPERIMENT  4,  MADE   ON  THE   SLOPING  BARE   SOIL 
PLAT  AT  MORAINE  PARK,  JULY  28  TO  29,  1920. 

The  carves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  16.— EXPERIMENT  5,  MADE  ON  PLAT  1  AT  THE  TAYLORS- 

VILLE  DAM,  AUGUST  9  TO  10,  1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  17.— EXPERIMENT  6,  MADE  ON  PLAT  2  AT  THE  TAYLORS- 

VILLE  DAM,  AUGUST  11   TO   12,   1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  18.— EXPERIMENT  7,  MADE  ON  PLAT  3  AT  THE  TAYLORS- 

VILLE  DAM,  AUGUST  16  TO   17,  1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  19.— EXPERIMENT  8,  MADE  ON  PLAT  4  AT  THE  TAYLORS- 

VILLE  DAM,  AUGUST  18  TO  19,  1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  20.— EXPERIMENT  9,  MADE  ON  PLAT  1   AT  THE  TAYLORS- 

VILLE    DAM,    OCTOBER    19,    1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  to  any  instant. 
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FIG.  21.— EXPERIMENTS  10  AND  11,  MADE  ON  PLATS  4  AND  3  AT 
THE  TAYLORSVILLE  DAM,  OCTOBER  21  AND  22,  1920. 

The  curves  show  the  total  rainfall,  runoff,  and  retention  up  .to  any  instant. 
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ments  9,  10,  and  11  were  made,  than  it  was  when  the  earlier  ex- 
periments were  begun.  Consequently  the  data  in  table  18  is 
comparable  with  conditions  occurring  during  intense  summer 
thunderstorms,  or  cloudbursts,  rather  than  to  those  existing  dur- 
ing large  winter  storms. 

It  is  interesting  to  note  that  although  the  total  precipitation 
was  unusually  large  in  practically  all  of  the  experiments,  the 
rates  of  retention  when  the  experiments  were  finished  were 
still  comparatively  large.  This  would  indicate  that  the  soil  was 
capable  of  taking  up  considerable  additional  moisture.  The 
lowest  rate  of  retention  given  in  table  18,  0.09  inches  per  hour 
on  the  level  bare  soil  plat  at  Moraine  Park,  would  correspond  to 
a  total  absorption  of  0.90  inches  in  10  hours  or  2.16  inches  in 
24  hours  if  continued  for  such  periods  of  time.  It  should  be 
noted  that  these  rates  of  retention  are  lower,  in  most  instances, 
than  they  would  have  been  if  the  rates  of  precipitation  had  been 
higher,  since  it  will  be  shown  later  that  the  rate  of  retention 
generally  increases  somewhat,  if  only  slightly,  as  the  rate  of 
precipitation  increases. 

The  values  of  retention  include  soil  absorption,  percolation, 
and  evaporation.  Since  the  experiments  were  run  on  compara- 
tively warm  summer  days  when  some  wind  was  blowing,  it  is 
possible  that  the  evaporation  may  have  amounted  to  as  much  as 
0.05  of  an  inch  an  hour  in  certain  instances,  although  it  is  not 
believed  that  it  ever  could  have  exceeded  this  appreciably.  At 
Moraine  Park,  owing  to  the  shallow  surface  soil,  retention  must 
have  been  mostly  percolation  after  the  first  run  of  each  exper- 
iment. 

Moraine  Park  Sod 

Experiment  2,  made  on  the  level  sod  plat  at  Moraine  Park, 
shows  an  unusually  large  retention.  Of  the  total  precipitation, 
11.66  inches  in  1.09  hours,  only  1.29  inches  ran  off,  leaving  a 
retention  of  10.37  inches.  By  referring  to  table  16  it  will  be 
seen  that  a  rate  of  precipitation  of  4.17  inches  per  hour  was  ap- 
plied for  30  minutes  with  no  runoff  whatever;  that  a  rate  of 
14.4  inches  per  hour  was  then  applied  for  12.2  minutes  before 
runoff  began;  that  this  rate  was  continued  for  about  13  minutes, 
obtaining  an  average  rate  of  runoff  of  only  0.4  inches  per  hour ; 
and  that  a  rate  of  20.4  inches  per  hour  was  then  applied  for  about 
10  minutes,  causing  a  rate  of  runoff  of  only  7.4  inches  per  hour, 
•or  less  than  half  of  the  rate  of  application.    In  the  last  run  the 
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water  was  applied  with  a  garden  hose,  the  rate  being  determined 
by  tank  measurements  immediately  before  and  after  the  run. 
In  the  first  two  runs  the  sprinkling  was  somewhat  intermittent, 
since  only  one  sprinkling  can  was  available.  The  times  given 
above  are  the  net  sprinkling  times,  not  including  the  intervals 
<luring  which  the  can  was  being  filled. 

These  extremely  unusual  results  are  due  to  the  unusual  soil 
conditions  existing  at  this  plat.  As  explained  in  chapter  III  the 
soil  is  loose  and  is  filled  with  roots  down  to  the  depth  where  the 
material  is  mostly  sand  and  gravel.  Consequently  the  water  can 
percolate  downward  at  very  great  rates. 

The  data  obtained  by  sprinkling  agrees  with  the  natural  rain- 
fall and  runoff  records  given  in  the  preceding  chapter.  It  was 
there  shown  that  runoff  on  this  plat  occurred  very  infrequently ; 
and  that  when  it  did  occur  it  was  generally  due  to  melting  snow 
or  to  rain  at  times  when  the  ground  surface  was  frozen. 

Moraine  Park  Bare  Soil 

Experiments  1,  3,  and  4  were  made  on  the  bare  soil  plats  at 
Moraine  Park,  numbers  1  and  3  being  made  on  the  level  plat  and 
number  4  on  the  sloping  plat.  The  soil  in  the  sloping  plat  when 
experiment  4  was  begun  was  in  about  the  same  condition  as  the 
soil  in  the  level  plat  when  experiment  1  was  started.  It  was 
comparatively  dry  and  loose  in  both  cases.  When  experiment 
3  was  started,  however,  the  soil  in  plat  1,  although  dry,  was  hard 
and  packed,  and  consequently  in  a  much  more  impervious  condi- 
tion. This  was  caused  by  the  trampling  of  a  herd  of  cattle  which 
was  turned  into  the  field  in  which  the  plats  are  located,  imme- 
diately after  experiment  1  was  made,  while  the  soil  was  still  in 
a  saturated  condition.  The  sprinkling  was  intermittent  during 
experiment  1  due  to  only  one  can  being  available,  but  was  con- 
tinuous during  experiments  3  and  4. 

By  referring  to  table  18  it  will  be  seen  that  the  total  reten- 
tion during  experiment  1  was  considerably  greater  than  the  to- 
tal during  experiment  3,  although  the  quantity  of  water  applied 
in  the  latter  instance  was  about  70  per  cent  greater  than  in  the 
former.  This,  of  course,  would  be  expected  due  to  the  differ- 
ence in  soil  conditions  and  in  sprinkling  methods.  For  experi- 
ment 4  the  retention  was  4.73  inches  or  only  slightly  more  than 
for  experiment  1,  although  the  total  precipitation  was  practi- 
cally twice  as  great.    The  relatively  smaller  retention  during  ex- 
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periment  4  was  due  to  the  slope  of  the  ground  as  well  as  to  the 
difference  in  sprinkling  methods. 

The  total  runoff  was  4.44  inches,  or  about  51  per  cent  of  the 
total  rainfall,  during  experiment  1;  12.30  inches,  or  about  83 
per  cent  of  the  total  rainfall,  during  experiment  3;  and  12.07 
inches,  or  about  72  per  cent  of  the  rainfall,  during  experiment  4. 

m 

Taylorsville  Plats 

Experiments  5  to  11,  inclusive,  were  run  on  the  plats  at  Tay- 
lorsville; numbers  5  and  9  on  plat  1,  number  6  on  plat  2,  num- 
bers 7  and  11  on  plat  3,  and  numbers  8  and  10  on  plat  4.    Plat 

2  was  spaded  and  raked  before  experiment  6  was  begun,  as  pre- 
viously noted.  The  other  plats  were  in  their  natural  condition. 
Sprinkling  was  continuous  during  all  experiments. 

Experiments  5  to  8,  inclusive,  were  practically  the  same  as 
regards  time  of  sprinkling  and  total  quantity  of  water  applied, 
except  that  the  total  precipitation  during  number  6  was  from  2 
to  3  inches  greater  than  during  the  others.  Experiments  9  and 
10  were  similar,  each  being  run  in  about  the  same  time  and  at 
about  the  same  rainfall  intensity.  Experiment  11  was  run  in 
about  the  same  time  as  numbers  9  and  10  but  the  water  was  ap- 
plied at  a  less  intense  rate. 

Reference  to  experiments  5  to  8,  inclusive,  in  table  18  shows 
that  the  retention  on  plat  2,  in  experiment  6,  where  the  soil  had 
been  loosened,  was  more  than  twice  as  great  as  on  plat  1,  in  ex- 
periment 5,  where  the  soil  was  similar  in  composition  and  tex- 
ture but  had  not  been  spaded ;  and  about  four  times  as  great  as 
on  plats  3  and  4,  experiments  7  and  8,  where  the  soil  was  mostly 
clay  and  had  not  been  loosened.  The  total  retention  on  plat  2 
was  9.88  inches  or  about  55  per  cent  of  the  rainfall ;  as  against 
4.15  inches  or  about  28  per  cent  of  the  rainfall,  on  plat  1,  and 
about  2.45  inches  or  about  16  per  cent  of  the  rainfall,  on  plats 

3  and  4.  The  total  runoff  amounted  to  7.95  inches  or  about  45 
per  cent  of  the  rainfall  in  experiment  6 ;  to  10.65  inches  or  about 
72  per  cent  of  the  rainfall  in  experiment  5 ;  and  to  about  13.15 
inches  or  about  84  per  cent  of  the  rainfall  in  experiments  7  and  8. 

In  experiment  9,  made  on  plat  1  in  October  when  the  soil  was 
slightly  drier  than  in  August,  the  retention  amounted  to  3.35 
inches,  or  about  28  per  cent  of  the  precipitation.  During  runs 
1  to  3  of  experiment  5,  which  are  comparable  with  experiment 
9,  the  retention  amounted  to  2.30  inches  or  about  23  per  cent 
of  the  rainfall.    Experiments  10  and  11  also  show  greater  values 
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of  retention  than  were  obtained  in  the  parts  of  experiments  8 
and  7  which  are  comparable.  It  is  interesting  to  note  that  the 
retention  during  experiment  11  was  slightly  greater  than  during 
experiment  10  although  the  total  precipitation  in  the  latter  was 
twice  as  great.  This  is  due  to  the  slightly  greater  sprinkling 
time  during  experiment  11.  The  rate  of  retention  for  plats  3 
and  4  varies  only  slightly  with  the  rate  of  rainfall,  as  will  be 
shown  later.  Conditions  during  experiments  10  and  11  are 
shown  in  figure  21. 

RAINFALL  AND  RUNOFF  RATES  ON 
SATURATED  SOILS 

The  data  in  tables  16  and  17  is  essentially  data  on  rainfall,  re- 
tention, and  runoff  on  saturated  soils.  Although  the  soil  was 
comparatively  dry  when  the  experiments  were  started  in  all 
cases,  it  soon  became  saturated  to  such  a  depth  that  runoff  be- 
gan. By  the  end  of  the  first  run  the  soil  was  generally  saturated 
to  such  a  depth  that  the  rate  of  runoff  caused  by  a  given  rate  of  • 
precipitation  was  practically  constant.  This  was  true  for  all 
experiments  except  number  2,  made  on  the  sod  plat  at  Moraine 
Park,  where  the  soil  conditions  were  unusual,  as  previously  men- 
tioned; and  numbers  10  and  11,  made  on  the  hill  plats  at  Tay- 
lorsville,  in  October,  when  the  soil  was  somewhat  drier  than  in 
the  earlier  experiments.  At  Taylorsville,  the  actual  depths  of 
saturation  probably  varied  somewhat  during  the  later  runs  of 
the  other  experiments,  increasing  as  the  work  progressed.  How- 
ever, these  variations  may,  for  the  present,  be  neglected.  At 
Moraine  Park  the  sand  and  gravel  deposits,  underlying  the  2- 
foot  layer  of  surface  soil,  afforded  ready  drainage  and  thus 
prevented  the  extension  of  saturated  conditions  below  this  depth. 

Moraine  Park  Bare  Soil 

The  rates  of  rainfall,  retention,  and  runoff  for  the  bare  soil 
plats  at  Moraine  Park,  given  in  table  16,  are  shown  graphically 
in  figure  22,  rates  of  rainfall  being  platted  as  ordinates  against 
rates  of  runoff  as  abscissas.  The  rates  of  retention  are  repre- 
sented by  the  horizontal  or  vertical  distances  from  the  platted 
points  to  the  45°  line,  curve  D,  drawn  through  the  origin.  This 
45°  line  represents  the  limiting  conditions  of  runoff.  A  point 
would  fall  on  this  line  only  when  the  runoff  rate  was  equal  to  the 
rainfall  rate.    Points  representing  runs  where  the  soil  was  not 
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saturated  have  been  identified  by  placing  near  them  the  run 
numbers.    Other  points  have  not  been  numbered. 


B      D 
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FIG.  22.— RATES  OF  RAINFALL  AND  RUNOFF  ON  BARE  SOIL  PLATS 

AT  MORAINE  PARK. 

Runs  in  which  the  soil  was  not  saturated  are  numbered.  Experiments 
1  and  3  were  made  on  the  level  plat  and  experiment  4  on  the  sloping  plat. 
Curve  D  is  a  45  degree  line. 

For  each  experiment  a  line  has  been  drawn  so  as  to  balance  all 
points  except  those  where  the  soil  was  not  saturated.  Conse- 
quently these  lines  show  the  variations  in  the  rate  of  runoff 
caused  by  variations  in  the  rate  of  rainfall,  during  the  summer 
and  fall,  after  the  soil  has  become  saturated  by  a  fairly  heavy 
and  intense  precipitation. 

Variations  in  the  rate  of  retention  due  to  variations  in  the 
rate  of  rainfall  are  shown  by  the  differences  between  the  lines 
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representing  the  observations  and  the  45°  line.  Differences  in 
the  relation  between  rainfaU  and  runoff  for  saturated  soils  due 
to  variations  in  soil  texture  and  in  surface  conditions  are  shown 
by  the  differences  in  the  slope  and  in  the  location  of  curves  A, 
B,  and  C. 

Curve  A  averages  the  various  runs  of  experiment  1,  made 
on  the  level  plat,  curve  B  averages  those  of  experiment  3,  also 
made  on  the  level  plat,  and  curve  C  averages  those  of  experiment 
4,  made  on  the  sloping  plat.  It  will  be  noticed  that  the  rates 
of  runoff  corresponding  to  given  rates  of  rainfall  were  consider- 
ably lower  in  experiment  1  than  they  were  in  experiment  3,  due 
to  the  different  method  of  sprinkling  as  well  as  to  the  different 
condition  of  the  soil ;  also  that  they  were  considerably  lower  in 
experiment  1  than  they  were  in  experiment  4,  due  to  the  differ- 
ent method  of  sprinkling  and  to  the  different  slopes  of  the  sur- 
faces. 

In  all  three  curves  the  rate  of  retention  increases  as  the  rate 
of  rainfall  increases.  In  curves  B  and  C  this  is  due  entirely  to 
the  head  caused  by  the  greater  depth  of  water  on  the  ground, 
this  increased  head  producing  an  appreciable  effect  because  of 
the  comparatively  shallow  depth  of  the  surface  soil.  While  the 
effect  of  varying  head  must  have  been  fully  as  great  in  curve  A 
as  in  curves  B  and  C,  the  method  of  sprinkling  and  of  calculat- 
ing the  rates  of  runoff  also  had  some  effect.  If  the  sprinkling 
had  been  continuous  in  experiment  1,  or  if  it  had  been  possible  to 
eliminate  surface  storage  effects  in  calculating  the  rates  of  run- 
off, curve  A  would  probably  have  fallen  in  some  position  inter- 
mediate between  its  present  position  and  that  of  curve  B,  as 
at  A'. 

Probably  the  most  interesting  thing  brought  out  by  figure  22 
is  that  the  relation  between  rates  of  rainfall  and  runoff  may  be 
represented  by  straight  lines;  that  is,  that  the  relation  repre- 
sented by  any  one  of  these  lines  may  be  expressed  by  the  straight 
line  equation 

yz=8x-{-b 

where  y  is  the  rate  of  rainfall,  x  is  the  rate  of  runoff,  b  is  the 
intercept  on  the  y  axis,  and  8  is  the  slope  of  the  line. 

It  will  be  noticed  that  the  value  of  b  is  about  0.20  inches  per 
hour  for  curve  A,  0.05  for  curve  B,  and  0.24  for  curve  C.  These 
are  the  rates  of  precipitation  that  can  be  maintained  indefinitely 
on  the  Moraine  Park  bare  soil  plats,  during  the  summer  and  fall 
when  the  soil  is  saturated,  without  any  runoff  whatever  occur- 
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ing ;  that  is,  for  these  rates  or  lower  rates,  the  water  can  perco- 
late downward  as  fast  as  the  rain  falls. 

Since  the  rate  of  percolation  decreases  with  a  decreasing  tem- 
perature the  value  of  b  may  be  slightly  smaller  during  the  win- 
ter and  spring.  Allen  Hazen,*  speaking  of  friction  losses  in 
sand  and  gravel,  says  ''I  have  found  that  the  friction  also  varies 
with  the  temperature,  being  twice  as  great  at  the  freezing  point 
as  at  summer  heat,  both  for  coarse  and  fine  sands/'  It  is  possi- 
ble however,  that  in  a  shallow  surface  soil  a&  at  Moraine  Park 
the  loosening  due  to  freezing  and  thawing  may  counteract  to  a 
certain  extent  the  effect  of  the  decrease  in  temperature. 

Since  curves  A  and  C  represent  soil  conditions  comparable 
with  those  existing  when  the  natural  rainfall  and  runoff  data 
was  collected,  the  values  of  b  determined  from  the  sprinkling  ex- 
periments furnish  a  satisfactory  check  on  the  conclusion  reached 
in  the  preceding  chapter;  namely,  that  water  can  percolate 
through  the  surface  soil  on  the  bare  soil  plats,  when  the  ground 
is  saturated,  at  a  rate  as  great  as  0.25  of  an  inch  an  hour. 

Taylorsville  Plats 

Figure  23  shows  the  Taylorsville  data,  contained  in  table  17, 
platted  in  the  same  manner  as  in  figure  22.  Curve  D  is  the  45^ 
line  as  before.  Curve  E  averages  the  data  taken  on  plat  1,  curve 
F  averages  that  taken  on  plat  2,  and  curve  G  averages  that  taken 
on  plats  3  and  4.  The  conditions  on  plats  3  and  4  are  practically 
identical,  so  that  it  is  not  necessary  to  draw  a  line  for  each  plat. 
In  platting  the  points,  however,  different  symbols  were  used  for 
the  two  plats,  so  that  the  agreement  of  the  data  may  be  seen. 
Sprinkling  was  continuous  during  all  runs.  « 

The  increased  slope  of  curve  F  over  that  of  curve  E  shows 
the  increased  retention  obtained  by  spading,  or  loosening,  the 
soil.  It  will  be  noticed  that  the  rate  of  retention  increases  con- 
siderably as  the  rate  of  precipitation  increases,  in  the  case  of 
plat  2 ;  but  that  it  is  practically  constant  in  the  case  of  plat  1. 
The  slightly  higher  rates  of  runoff  shown  by  curve  G  over  those 
shown  by  curve  E  are  due  to  the  slightly  greater  impermeability 
of  the  clay  soil  at  the  hill  plats.  The  rate  of  retention  at  the 
hill  plats  is  similar  to  that  at  plat  1,  in  that  it  increases  only 

*Some  Physical  Properties  of  Sands  and  Gravels,  by  Allen  Hazen, 
Massachusetts  State  Boanl  of  Health,  Boston,  Massachusetts,  Twenty-fourth 
Annual  Report,  page  553,  1892. 
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slightly  wil^  the  increasing  rate  of  precipitation.    It  is  compara- 
tively small  throughout  the  range  covered  by  the  data. 

Here,  also»  the  relations  between  rates  of  rainfall  and  runoff 
for  saturated  soil  may  be  shown  by  straight  lines.  The  value  of 
b  is  seen  to  be  0.30  inches  per  hour  for  curves  E  and  F  and  about 
0.20  inches  per  hour  for  curve  G,  meaning  that  precipitation  can 

/^  ^  O     D 

4 


7  2  3 

/?ate  of/fu/?off^/n/nches  per/^r 

FIG.  23.— RATES  OF  RAINFALL  AND  RUNOFF  AT  THE  TAYLORS- 

VILLE  DAM, 

Runs  in  which  the  soil  was  not  saturated  are  numbered.  Note  the  in- 
creased retention  obtained  by  spading:  the  soil.    Curve  D  is  a  45  degree  line. 

occur  at  these  rates,  during  the  summer  and  fall  when  the  sur- 
face soil  is  saturated,  without  any  runoff  taking  place.  It  should 
be  noted  that  these  values  are  practically  the  same  as  those  ob- 
tained at  Moraine  Park  notwithstanding  the  difference  in  sub- 
soil.   For  winter  and  spring  conditions,  however,  the  values  of 
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b  at  Taylorsville  may  be  lower  than  at  Moraine  Park,  due  to  the 
greater  depth  of  saturation  and  the  lack  of  adequate  soil  drainage. 

Average  Relations 

In  figure  24  the  various  curves  of  figures  22  and  23  have  been 
brought  together.    Points  have  not  been  shown  since  they  would 
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FIG.  24.— AVERAGE  RELATIONS  BETWEEN  RATES  OF  RAINFALL 

AND  RUNOFF,  SOIL  SATURATED. 

The  two  dotted  lines  represent  the  averaire  relations  shown  by  the 
two  groups  of  full  lines.  For  identification  of  full  lines  see  figures  22 
and  28. 

only  confuse  the  diagrams.  It  will  be  noticed  that  the  lines  fall 
into  two  separate  groups;  first,  curves  A  and  F,  and,  second, 
curves  B,  G,  E,  and  G.    Curve  H  has  been  added  to  represent  the 
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average  relation  between  rainfall  and  runoff  rates  shown  by  the 
lines  of  the  second  group,  and  curve  I  has  similarly  been  drawn 
to  represent  the  averi^ge  relation  shown  by  those  of  the  first 
group. 

The  relation  shown  by  curve  H  may  be  expressed  by  the  for* 
mula 

y  =  1.07x  +  0M  (1) 

where  y  is  the  rate  of  rainfall  and  x  the  rate  of  runoff,  both  ex- 
pressed in  inches  per  hour.  Since  y  is  the  cause  and  x  ihe  effect 
it  seems  more  advantageous  to  change  equation  1  to  the  form 

x  =  OM  (y  —  0.20)  (2) 

It  will  be  noticed  that  the  coefficient  of  the  quantity 
(y  —  OJ^O)  is  not  greatly  different  from  unity ;  or  in  other  words 
that  curve  H  is  nearly  parallel  to  curve  D.  This  means  that  the 
rate  of  retention  increases  only  slowly  with  an  increasing  rate  of 
precipitation.  For  practical  purposes  this  variation  in  the  rate 
of  retention  may  be  neglected.  Taking  the  value  of  the  retention 
as  0.30  inches  per  hour,  a  value  corresponding  to  a  rate  of  pre- 
cipitation of  1.50  inches  per  hour  by  curve  H,  the  relation  be- 
tween rates  of  rainfall  and  runoff  may  be  expressed  by  the  equa- 
tion 

x  =  y  —  O.SO  (3) 

The  line  representing  equation  3  would  be  parallel  to  curve  D 
and  a  constant  distance  above,  equivalent  to  0.30  inches  per  hour. 

Consequently,  during  the  summer  and  fall  when  the  ground 
is  saturated,  rates  of  runoff  from  soils  similar  to  those  represent- 
ed by  curves  B,  C,  E,  and  G  may  be  estimated  by  simply  deduct- 
ing 0.30  inches  per  hour  from  the  rates  of  rainfall. 

Curve  I,  representing  the  average  relation  for  curves  A  and 
F,  may  be  expressed  by  the  equation 

y  =  1.60x  +  0^5  (4) 

or,  solving  for  x, 

x  =  0.62  (y  —  0.25)  (5) 

The  retention  would  then  be  expressed  by  the  equation 

y  —  X  =  0.60X  +  0.25  (6) 

This  time  the  rate  of  retention  increases  appreciably  as  the 
rate  of  rainfall  increases;  and,  consequently,  it  will  not  be  ad- 
visable to  replace  the  slope  coefficient  1.60  by  unity. 

Equations  3,  5,  and  6  are  applicable  during  the  summer  and 
fall,  on  areas  similar  to  those  where  the  experiments  were  made, 
after  the  surface  soil  has  become  saturated  by  a  precipitation 
of  three  or  four  inches  falling  in  one  of  two  days.    The  data 
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given  in  the  preceding  chapter  indicates  that  equation  3  is  appli- 
cable on  the  sloping  bare  soil  at  Moraine  Park  during  the  winter 
and  spring  after  a  half  an  inch  or  an  inch  has  fallen,  although 
it  probably  will  give  rates  of  runoff  slightly  too  low  at  such  times. 
The  rates  of  percolation  during  the  winter  and  spring  on  plats 
1,  3,  and  4  at  Taylorsville,  after  an  inch  has  fallen,  may  differ 
somewhat  from  the  0.30  of  an  inch  an  hour  shown  by  equation 
3,  no  data  being  available  for  these  plats  for  such  seasons  of  the 
year.  The  rate  of  percolation  on  plat  2  probably  decreases  as 
the  soil  becomes  packed  by  the  winter  and  spring  rains. 

The  average  relation  between  rates  of  rainfall  and  runoff 
for  the  Miami  Valley  during  the  summer  and  fall  when  the  sur- 
face soil  is  saturated,  probably  lies  somewhere  between  those 
shown  by  equations  3  and  5.  It  is,  of  course,  very  difficult  to 
estimate  the  average  soil  conditions  over  a  large  drainage  area. 
However,  considering  that  practically  throughout  the  valley  the 
amount  of  vegetation  exceeds  that  on  plats  1,  3,  and  4  at  Taylors- 
ville,  and  also  that  the  greater  part  of  the  land  is  cultivated, 
it  seems  fairly  certain  that  the  average  rate  of  retention  would 
exceed  that  used  in  determining  equation  3.  It  does  not  seem 
possible  though,  that  the  retention  could  amount  to  as  much  as 
that  obtained  on  plat  2  at  Taylorsville,  where  the  soil  had  been 
thoroughly  spaded  and  raked  just  before  the  experiment  was 
made. 

RAINFALL  AND  RUNOFF  RATES,  SOIL 

NOT  SATURATED 

When  the  ground  is  not  saturated  the  relation  between  rates 
of  rainfall  and  runoff  varies  greatly  with  the  amount  of  mois- 
ture in  the  soil,  as  well  as  with  the  soil  texture  and  the  surface 
conditions.  On  a  given  plat  the  drier  the  soil  the  greater  will  be 
the  rate  of  retention  and  the  smaller  will  be  the  rate  of  runoff 
corresponding  to  a  given  rate  of  rainfall. 

Experiments  10  and  11,  made  on  plats  4  and  3  at  Taylorsville, 
furnish  data  on  the  relation  between  rates  of  rainfall  and  runoff 
for  different  amounts  of  soil  moisture.  Since  the  soil  and  sur- 
face conditions  are  the  same  at  these  two  plats,  and  since  the 
amount  of  moisture  present  when  experiments  10  and  11  were 
started  was  the  same,  it  is  possible  to  select  portions  of  these 
experiments  in  which  the  amount  of  soil  moisture  present  was 
the  same  for  both  plats.  The  rates  of  rainfall  and  runoff  can 
then  be  calculated  for  these  portions  for  both  experiments  and 
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the  difference  in  the  runoff  rate  for  a  given  portion  will  be  due 
entirely  to  the  difference  in  the  rainfall  rate.  The  rates  may 
then  be  platted  as  in  figures  22  and  23  and  curves  may  be  drawn 
to  represent  the  relations  for  the  different  amounts  of  soil  mois- 
ture. 

In  figure  25  the  circles  show  the  rainfall  and  runoff  rates 
determined  in  this  manner  for  the  following  ranges  of  retention. 

From  0.00  to  0.65  inches 
From  0.65  to  1.30  inches 
From  1.65  to  2.30  inches 
From  2.40  to  2.75  inches 


A  Experiment  6 
£xperfment  9 

•  Exptrimentn 
o  experiment  II 


/  2  3 

Rates  of  Runoff  in  Inches  perHoi^ 

FIG.  26.— RATES  OF  RAINFALL  AND  RUNOFF  AT  THE  TAYLORS- 
VILLE  DAM  WHILE  SOIL  IS  BECOMING  SATURATED. 


Lines  have  been  drawn  through  points  calculated  from  experiments 
10  and  11. 
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The  upper  set  of  circles  were  determined  from  experiment 
10  and  the  lower  set,  from  experimemt  11.  Straight  lines  have 
been  drawn  through  the  points  for  each  range  in  retention, 
curves  J,  K,  L,  and  M ;  and  a  46''  line,  curve  D,  has  been  added 
as  in  figures  22  to  24.  For  comparative  purposes,  curve  G  of 
figure  23,  representing  saturated  surface  soil  conditions  in  plats 
3  and  4,  has  also  been  added.  Since  only  two  points  are  avail- 
able for  each  line,  it  is,  of  course,  not  kpown  whether  they 
should  be  straight  or  curved.  They  were  drawn  straight  be- 
cause it  has  been  shown  that  for  saturated  soil  conditions  the 
curves  are  straight. 

It  will  be  noticed  that  curves  J,  K,  L,  and  M  are  spaced  rather 
uniformly,  and  that  they  are  nearly  parallel  to  curve  D,  the  45^ 
line.  However,  if  the  experiments  had  been  carried  further, 
it  is  likely  that  the  succeeding  lines  would  have  been  increas- 
ingly closer  together  as  they  approached  curve  G,  sipce  curve 
G  was  based  primarily  on  experiments  in  which  the  total  sprink- 
ling time,  as  well  as  the  amount  of  moisture  in  the  soil  when  the 
observations  were  started,  was  greater  than  in  experiments  10 
and  11. 

Curves  J,  K,  L,  and  M  illustrate,  for  plats  3  and  4,  the  var- 
iations in  runoff  and  retention  rates  caused  by  variations  in 
rainfall  rates  and  in  total  retention.  Retention  rates  are  shown 
by  the  horizontal  or  vertical  distances  from  the  various  lines  to 
curve  D.  The  variations  in  runoff  and  retention  rates  due  to 
variations  in  soil  texture  may  be  indicated  by  showing,  on  fig- 
ure 25,  points  calculated  for  plat  1  for  similar  ranges  in  reten- 
tion during  experiment  9.  The  soil  in  plat  1  when  experiment 
9  was  begun  contained  about  the  same  quantity  of  moisture  as 
the  soil  in  plats  3  and  4  when  experiments  10  and  11  were  started. 
Points  calculated  for  experiment  9  are  shown  by  the  triangles  in 
figure  25. 

It  will  be  noticed  that  the  triangle  corresponding  to  a  range 
in  retention  from  0.00  to  0.65  inches  falls  a  considerable  distance 
to  the  left  of  curve  J,  thus  indicating  a  considerably  greater  rate 
of  retention  and  a  correspondingly  smaller  rate  of  runoff  for 
plat  1.  The  succeeding  points,  however,  fall  increasingly  closer 
to  the  curves  for  plats  3  and  4.  The  last  point,  corresponding  to 
a  retention  from  2.40  to  2.75  inches,  is  very  close  to  curve  M. 
This  means  that  at  Taylorsville  the  runoff  from  the  clay  soils 
on  the  hills  is  appreciably  greater  than  the  runoff  from  the  loam 
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in  the  valley,  when  the  soil  is  dry,  but  not  materially  different 
when  the  soil  is  saturated. 

The  effect  of  cultivation  on  retention  and  runoff  may  be  shown 
on  figure  25  by  platting  points  computed  from  experiment  6» 
made  on  plat  2  at  Taylorsville.  As  previously  noted  the  soil  in 
this  plat  was  spaded  and  raked  before  the  experiment  was 
started.  Points  computed  for  the  ranges  in  retention  used  in 
determining  curves  J,  K,  L,  and  M,  are  shown  by  the  squares 
in  the  upper  part  of  the  diagram.  It  will  be  noticed  that  the 
points  corresponding  to  ranges  from  0.00  to  0.65  inches  and  from 
0.65  to  1.30  inches,  show  no  runoff  whatever.  Although  the 
curves  in  figure  17  show  the  runoff  as  beginning  when  the  re- 
tention had  amounted  to  about  an  inch,  the  average  rate  before 
the  retention  reached  1.30  inches  was  so  small  that  it  could  noz 
be  shown  in  figure  25.  The  points  corresponding  to  ranges  in 
retention  from  1.65  to  2.30  and  from  2.40  to  2.75  inches  both 
fall  to  the  left  of  the  point  calculated  from  experiment  9,  plat  1, 
for  the  range  from  0.00  to  0.65  inches.  This  illustrates  the  rel- 
atively great  amount  of  retention  obtained  by  cultivation.  Ref- 
erence to  figure  17  shows  that  after  runoff  did  begin  on  plat  2, 
the  rate  increased  gradually  throughout  the  first  run.  That  the 
increase  was  gradual  rather  than  abrupt  was  due  to  the  pres- 
ence of  air  in  the  soil. 

The  ranges  in  retention  for  which  the  points  were  computed 
are  noted  on  the  curves  in  figure  25.  Points  corresponding  to 
similar  ranges  during  other  experiments,  or  during  actual  rain- 
falls, will  fall  on  these  lines  only  when  the  soil  conditions,  as 
regards  texture,  temperature,  and  moisture,  at  the  beginning 
of  the  precipitation  are  the  same  as  they  were  in  experiments 
10  and  11.  Consequently,  in  order  to  use  curves  J,  K,  L,  and  M 
in  calculating  runoff  from  rainfall,  it  will  be  necessary  to  esti- 
mate the  condition  of  the  soil  when  the  rainfall  begins.  This 
estimate  can  probably  be  made  closely  enough  that  the  runoff 
rate  will  be  determined  with  a  fair  degree  of  accuracy.  For  in- 
stance, if  it  is  estimated  that  when  a  rainfall  of  2  inches  per 
hour,  lasting  an  hour,  began,  the  condition  of  the  soil  was  the 
same  as  in  experiments  10  and  11,  the  runoff  rate  of  about  an 
inch  an  hour,  shown  by  the  curves  in  figure  25,  is  probably  ac- 
curate within  25  per  cent  or  within  a  quarter  of  an  inch  an  hour. 
This  uncertainty  would  decrease  in  amount  as  the  soil  became 
saturated.    While  an  uncertainty  as  great  as  25  per  cent  is  un- 
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desirable,  it  is  doubtful  if  an  estimate  based  on  judgment  alone 
would  be  as  accurate  as  one  based  on  the  curves  of  figure  25. 

The  data  secured  at  Moraine  Park  is  hardly  sufficient  to 
warrant  the  preparation  of  a  diagram  such  as  figure  25.  How- 
ever, the  differences  in  retention  and  runoff  due  to  variations  in 
soil  texture  and  surface  slope  may  be  studied  in  figures  13,  14, 
and  15,  illustrating  experiments  1,  3,  and  4.  Experiment  1  was 
made  on  the  level  bare  soil  plat  in  June,  experiment  3  on  the  same 
plat  in  July,  after  the  soil  had  been  trampled  and  packed  by  cat- 
tle, and  experiment  4  on  the  sloping  bare  soil  plat  when  the  soil 
was  comparatively  loose.  Considering  the  first  run  of  each  ex- 
periment the  retention  rates  are  seen  to  have  been  considerably 
greater,  and  the  runoff  rates  considerably  less,  during  experi- 
ment 1  than  during  experiments  3  and  4.  During  experiment  4 
the  retention  rates  were  slightly  greater,  and  the  runoff  rates 
slightly  less,  than  during  experiment  3.  This  means  that  the 
increase  in  runoff  due  to  the  trampling  and  packing  of  the  soil 
was  slightly  greater  than  that  due  to  the  increase  in  the  slope 
of  the  surface. 

The  average  rate  of  retention  of  0.90  inches  per  hour  ob- 
tained on  the  sloping  plat  in  run  16,  for  a  period  of  an  hour  and 
15  minutes,  checks  the  conclusion  reached  in  the  preceding  chap- 
ter that  water  can  be  absorbed  by  the  bare  soil  at  times  during 
the  summer  when  the  soil  is  unusually  dry,  at  a  rate  as  great  as 
1.00  inch  per  hour  for  intervals  as  long  as  30  minutes. 

CONDITIONS   BEFORE   RUNOFF   BEGINS 

A  knowledge  of  the  conditions  necessary  before  runoff  be- 
gins is  valuable  in  studying  rainfall  and  runoff.  During  many 
showers  of  comparatively  short  duration  no  runoff  takes  place 
although  the  intensity  of  the  precipitation  may  be  relatively 
great.  During  other  showers  of  longer  duration  and  lesser  in- 
tensity similar  conditions  exist  as  regards  runoff.  In  order  for 
runoff  to  begin  it  will  be  necessary  for  two  conditions  to  be  ful- 
filled. First,  the  precipitation  must  occur  at  a  rate  greater  than 
the  rate  at  which  it  can  be  absorbed  by  the  soil ;  and,  second,  the 
excess  rate  must  continue  long  enough  to  fill  the  surface  storage 
available  by  reason  of  the  small  depressions  in  the  surface,  accu- 
mulations of  dead  grass  or  leaves,  growing  vegetation,  and  other 
factors.  The  relative  importance  of  these  two  conditions,  of 
course,  varies  with  the  soil  and  surface  characteristics.  If  the 
soil  is  bare  and  free  from  depressions,  rates  of  precipitation  and 


RAINFALL  AND  RUNOFF  131 

soil  absorption  are  predominant.  If  the  soil  is  covered  with  a 
heavy  sod  or  a  deep  deposit  of  forest  litter,  surface  storage  is 
the  determining  factor. 

While  it  is  not  possible  to  differentiate  between  these  two  fac- 
tors in  a  given  instance,  it  is  interesting  to  discuss  their  com- 
bined effect.  Referring  to  run  1  of  table  16  made  on  the  level 
bare  soil  at  Moraine  Park  when  the  ground  was  dry,  it  is  seen 
that  a  rate  of  rainfall  of  4.25  inches  per  hour  caused  runoff  to 
begin  in  2.0  minutes,  or  after  a  total  of  0.14  inches  had  fallen. 
Run  1  of  table  19,  made  on  similar  soil  on  the  same  day,  showed 
that  a  rate  of  rainfall  of  3.65  inches  per  hour  caused  runoff  to 
begin  in  2.5  minutes,  or  after  a  total  of  0.15  inches  had  fallen. 
Run  16  of  table  16,  made  on  the  sloping  bare  soil  plat  when  the 
ground  was  dry,  showed  that  a  rate  of  3.00  inches  per  hour  re- 
sulted in  runoff  after  3.5  minutes,  or  after  the  total  amounted  to 
.18  inches.  These  results  confirm  the  conclusion  reached  in  the 
preceding  chapter ;  namely,  that  water  cannot  be  absorbed  by  the 
bare  soil  at  Moraine  Park  at  any  time,  no  matter  how  dry  it  is, 
at  a  rate  as  great  as  3.00  inches  per  hour  for  periods  as  long  as 
5  minutes.  The  apparent  exception  to  this,  indicated  by  run  9 
of  table  16,  in  which  a  rate  of  3.65  inches  did  not  cause  runoff 
until  5.5  minutes,  is  due  to  the  different  condition  of  the  surface, 
the  surface  in  this  instance  containing  a  considerably  greater 
number  of  small  depressions. 

Runs  1,  17,  and  27  of  table  17,  made  in  August  when  the 
ground  was  about  as  dry  as  in  the  runs  mentioned  above,  show 
that  the  soil  at  Taylorsville  in  plats  1,  3,  and  4,  is  about  the  same 
as  at  Moraine  Park  as  regards  beginning  of  runoff.  However, 
run  11,  made  on  plat  2  where  the  soil  had  been  spaded,  shows  a 
great  difference.  In  this  case  a  rate  of  3.90  inches  per  hour  did 
not  cause  a  measurable  quantity  of  runoff  for  22  minutes,  or 
until  the  total  precipitation  had  amounted  to  1.43  inches.  The 
following  morning,  when  the  soil  was  practically  saturated  a 
rate  of  1.85  inches  per  hour  resulted  in  runoff  in  6  minutes,  or 
after  0.18  inches  had  fallen. 

Runs  8,  24,  and  34  of  table  17,  made  on  plats  1,  3,  and  4  in 
October,  when  the  soil  was  somewhat  drier  than  in  August,  show 
slightly  greater  values  of  retention  preceding  runoff,  than  do 
runs  1,  17,  and  27.  Other  runs  of  tables  16  and  17  show  the 
conditions  before  runoff  when  the  ground  is  practically  satu- 
rated. 

Figure  26  shows  graphically  the  data  discussed  above.  Times 
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in  minutes  required  for  runoff  to  begin  are  platted  as  abscissas 
against  the  corresponding  rates  of  precipitation  as  ordinates. 
Points  corresponding  to  all  runs  in  table  19  have  been  platted, 
but  only  those  corresponding  to  the  first  run  of  each  day  have 
been  platted  from  tables  16  and  17,  since  runs  made  on  the  same 
day  were  frequently  only  a  few  minutes  apart.    Different  sym- 
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FIG.  26.— INTENSITY  AND  DURATION  OF  RAINFALL  BEFORE  RUN- 
OFF BEGINS. 

Data  secured  at  the  Moraine  Park  and  Taylorsville  plats.     The  curve 
represents  conditions  at  plats  3  and  4  at  Taylorsville  when  the  soil  is  dry. 

bols  have  been  used  to  indicate  the  various  plats  on  which  the 
data  was  secured.  Where  the  ground  was  wet  when  the  rainfall 
began  the  points  have  been  blackened;  where  it  was  dry,  they 
have  been  left  white.  In  one  or  two  instances  the  experiment 
number  has  been  placed  near  the  point  in  order  to  indicate  a 
different  soil  condition. 
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Points  representing:  runs  24  and  34  of  table  17,  and  2,  3,  and 
4  of  table  19,  made  at  the  Taylorsville  hill  plats  in  October,  have 
been  balanced  by  a  line,  since  for  these  runs  the  soil  and  surface 
conditions  were  practically  the  same.  Points  secured  at  Moraine 
Park  do  not  cover  a  sufficient  range  to  determine  a  curve. 

The  amount  of  the  surface  storage  in  a  given  instance  is  in- 
dicated by  the  height  of  the  hump,  or  peak,  at  the  end  of  the  re- 
tention curve,  see  figures  13  to  21,  inclusive,  caused  by  the  drain- 
ing off  of  the  water  after  the  precipitation  ceased.  The  amounts 
are  small  in  all  cases,  as  would  be  expected  since  there  was  rela- 
tively little  vegetation  on  any  of  the  plats  for  which  mass  curves 
were  platted.  The  quantities  vary  from  practically  nothing  to 
about  0.07  of  an  inch. 


CHAPTER  V.^MONTHLY,  SEASONAL,  AND 
ANNUAL  RAINFALL  AND  RUNOFF 

INTRODUCTORY 

General  information  regarding  monthly,  seasonal,  and  annual 
rainfall  and  runoff,  their  distribution  throughout  the  year,  their 
extreme  variations,  and  the  normal,  monthly,  seasonal,  and  an- 
nual amounts,  are  of  importance  in  most  hydraulic  engineering 
work. 

Criticisms  are  often  made  of  the  method  of  discussing  rain- 
fall and  runoff  by  monthly,  seasonal,  or  annual  periods!  These, 
as  a  rule,  are  based  on  the  condition  that  the  division  date  be- 
tween periods  may  fall  within  a  time  of  storm  rainfall,  or  of  flood 
runoff ;  or  that  due  to  snow  accumulations,  or  ground  water  stor- 
age, precipitation  during  one  period  may  affect  the  runoff  in  the 
following  period.  These  objections,  of  course,  are  of  more  im- 
portance as  regards  studies  based  on  the  shorter  periods.  They 
also  are  of  more  importance  with  respect  to  studies  of  the  larger 
drainage  areas,  inasmuch  as  flood  runoff  on  the  smaller  areas  is 
more  nearly  coincident  with  storm  rainfall. 

Such  criticisms  are  well  founded  and  should  be  borne  in  mind. 
However,  they  apply  principally  to  theoretical  studies  of  laws 
governing  runoff  rather  than  to  particular  engineering  prob- 
lems. Because  such  studies  do  not  lead  to  the  discovery  of  the 
laws  of  runoff  is  no  reason  why  they  should  be  wholly  discon- 
tinued. 

In  making  studies  of  seasonal  and  annual  rainfall  and  runoff 
the  above  objections  may  be  partially  met  by  using  the  "water 
year"  rather  than  the  calendar  year,  and  by  a  judicious  division 
of  the  year  into  seasons,  or  periods.  Rafter,  in  his  studies  of 
rainfall  and  runoff,*  used  the  water  year  ending  November  30. 
He  divided  the  year  into  three  periods,  namely,  the  storage  pe- 
riod, including  the  months  from  December  to  May,  the  growing 
period,  including  the  months  from  June  to  August ;  and  the  re- 
plenishing period,  including  the  months  from  September  to  No- 

♦The  Relation  of  Rainfall  to  Runoff,  by  George  W.  Rafter,  U.  S.  G.  S. 
Water  Supply  Paper  80,  1903;  also  Hydrology  of  the  State  of  New  York, 
by  George  W.  Rafter,  Bulletin  85,  New  York  State  Museum. 
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vember.  For  conditions  in  the  Miami  Valley,  the  year  ending 
September  30,  which  has  been  adopted  by  the  Water  Resources 
Branch  of  the  U.  S.  Geological  Survey,  seems  to  be  more  satis- 
factory than  the  year  ending  November  30.  It  also  seems  better 
to  consider  the  months  from  October  to  December  as  the  re- 
plenishing period,  the  months  from  January  to  April  as  the  stor- 
age period,  and  the  months  from  May  to  September  as  the  grow- 
ing period. 

This  chapter  will  take  up  the  studies  of  monthly,  seasonal, 
and  annual  rainfall,  runoff,  percolation,  and  evaporation,  which 
have  been  made  for  some  of  the  drainage  areas  in  the  Miami 
Valley.  A  method  of  showing  hydrological  conditions  by  means 
of  mass  curves  will  also  be  described. 

If  the  amount  of  water  stored  in  the  ground,. or  on  the  ground 
is  the  same  at  the  beginning  and  ending  of  a  period  of  time,  the 
difference  between  the  total  rainfall  and  the  total  runoff  during 
this  period  must  be  equal  to  the  total  evaporation,  using  the  term 
evaporation  to  include  plant  transpiration  and  evaporation  of 
precipitation  intercepted  by  vegetation  as  well  as  direct  evapora- 
tion from  soil  or  water  surfaces.  Studies  of  ground  water  flow 
indicate  that  in  the  Miami  Valley  variations  in  the  amount  of 


Tabic  20.— Stations  Used  in  Studies  of  Rainfall  and  Runoff 


Station 

Stream 

Drainage  Area 

Reeords  Available* 

Sidney 

Loddngton 

Piqua 

Tadmor 

Pleasant  Hill 

West  Milton 

Springfield 

Springfield 

Wright 

Dayton 

Franklin 

Germantown 

Seven  Mile 

Hamilton 

Hamilton 

Miami  River 

Loramie  Creek . . . 

Miami  River 

Miami  River 

Stillwater  River . . 
Stillwater  River. . 

Buck  Creek 

Mad  River 

Mad  River 

Miami  River 

Miami  River 

Twin  Creek 

Seven  Mile  Creek. 
Four  Mile  Creek. . 
Miami  River 

Square  Miles 
555 

255 

842 
1128 

463 

600 

163 

488 

652 
2525 
2785 

272 

128 

178 
3672 

Yeara,  Inclusive 

1915-1919 
1916-1919 
1912-1919 
1915-1919 
1917-1919 
1915-1919 
1915-1919 
1915-1919 
1915-1919 
1894-1919 
1917-1919 
1915-1919 
1915-1919 
1915-1919 
1911-1919 

*Years  ending  September  30. 

water  in  the  ground  at  the  end  of  the  water  year  are  relatively 
small  proportions  of  the  yearly  evaporation.  Consequently,  in 
the  following  tables  and  discussions  dealing  with  annual  quan- 
titles  the  term  evaporation  is  used  to  mean  the  difference  between 
the  rainfall  and  runoff.    However,  in  the  studies  of  seasonal  and 


136  MIAMI  CONSERVANCY  DISTRICT 

monthly  values  the  term  retention  has  been  used,  since  in  these 
cases  variations  in  the  amount  of  water  in  the  grround  are  com- 
paratively large. 

COMPILATION  OF  THE  DATA 

Table  20  gives  the  gaging  stations  for  which  the  data  was 
compiled,  the  streams  on  which  they  are  located,  the  areas 
drained,  and  the  period  of  years  for  which  records  are  available, 
the  division  into  years  being  made  on  September  30  instead  of 
on  December  31.  It  will  be  noted  that  records  for  full  years 
prior  to  1915  are  available  only  for  the  Piqua,  Dayton,  and  Ham- 
ilton stations. 

The  annual  rainfall,  runoff,  retention,  and  ratio  of  runoff 
to  rainfall,  were  tabulated  for  all  records  available,  for  each 
station  in  table  20,  except  Piqua.  On  account  of  unreliable  gage 
height  data  at  Piqua  for  some  of  the  earlier  years  and  for  a  part 
of  the  year  1918,  the  quantities  were  tabulated  for  the  years  1915, 
1916,  1917,  and  1919  only.  The  annual,  seasonal,  and  monthly 
rainfall,  runoff,  retention,  ratio  of  runoff  to  rainfall,  and  tem- 
perature had  been  compiled  for  the  entire  record  at  the  Dayton 
station  just  before  the  1919  data  was  compiled.  Since  the  1919 
values  do  not  differ  materially  from  the  averages  based  on  the 
25-year  record  the  studies  have  not  been  revised  so  as  to  include 
the  1919  data,  except  in  the  case  of  table  21. 

The  proportions  of  annual  runoff  which  appear  as  surface 
or  flood  runoff  and  as  low  water  or  ground  water  flow,  were 
determined  for  the  Dayton,  Wright,  West  Milton,  and  Buck 
Creek  stations.  The  Dayton  station  was  chosen  because  of  its 
comparatively  long  record  and  because  it  is  representative  of  the 
average  conditions  throughout  the  Miami  Valley.  The  other  sta- 
tions were  chosen  because  a  cursory  examination  of  the  records, 
as  well  as  the  study  of  flood  runoff  given  in  the  following  chap- 
ters, indicated  that  the  surface  runoff  from  their  drainage  areas 
varies  considerably.  Mass  curves  were  drawn  only  for  the  drain- 
age area  of  Mad  River  above  Wright. 

The  annual,  seasonal,  and  monthly  rainfall  given  in  the  tab- 
ulations are  averages  over  the  drainage  areas  above  the  stations, 
not  the  amounts  recorded  at  the  stations  themselves;  and  are 
for  the  years  ending  September  30,  rather  than  for  the  calendar 
years.  For  the  years  1915  to  1919,  inclusive,  the  annual  amounts 
were  determined  by  planimeter  measurements  on  maps  showing 
lines  of  equal  annual  rainfall.    The  annual,  seasonal,  and  monthly 
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rainfall  for  years  prior  to  1915,  and  the  seasonal  and  monthly 
values  for  the  years  1915  to  1918,  where  it  was  only  necessary  to 
obtain  data  for  the  Dayton  and  Hamilton  stations,  were  obtained 
by  averaging:  directly  the  records  of  all  stations  on  the  given 
drainage  areas.  While  the  latter  method  does  not  consider  the 
distribution  of  stations,  comparisons  of  the  results  obtained,  with 
those  obtained  by  the  planimeter  measurements,  showed  that  for 
such  large  areas  and  with  so  many  stations,  the  results  by  the 
shorter  method  are  not  appreciably  in  error. 

The  values  of  annual,  seasonal,  and  monthly  runoff  were  cal- 
culated from  the  daily  stream  flow  records,  except  in  the  case 
of  the  1911  and  1912  records  at  Hamilton.  These  were  obtained 
from  the  U.  S.  Geological  Survey  water  supply  papers,  proper 
corrections  being  made  for  the  flow  in  the  Miami  and  Erie  Canal, 
which  is  not  included  in  the  governiAent  data. 

In  the  studies  of  the  relation  of  temperature  to  runoff  the 
records  at  the  Dayton  co-operative  station  were  utilized.  It  was 
not  considered  necessary  to  calculate  the  average  temperature 
over  the  drainage  area,  inasmuch  as  any  difference  which  may 
exist  ten^s  to  be  constant  in  amount,  algebraically  as  well  as 
arithmetically,  and  also  tends  to  be  relatively  small. 

The  method  of  estimating  the  proportions  of  annual  runoff 
which  appear  as  surface  or  flood  flow  and  as  low  water  or  ground 
water  flow,  and  the  method  of  drawing  mass  curves,  will  be  de- 
scribed later. 

ANNUAL  RAINFALL  AND   RUNOFF 
Records  for  Years  1915-1919 

Table  21  gives  the  annual  rainfall,  runoff,  ratio  of  runoff  to 
rainfall,  and  evaporation  for  all  stations  at  which  stream  flow 
records  are  being  compiled,  for  the  years  1915  to  1919,  inclusive. 
The  average  values,  although  very  uncertain  due  to  the  shortness 
of  the  period,  are  also  included.  Studies  based  on  the  25-year 
record  at  the  Dayton  station,  discussed  later,  show  that  no  one 
of  these  years  was  greatly  different  from  normal.  In  order  that 
the  average  values  should  be  comparable  throughout,  missing 
records  at  the  Lockington,  Piqua,  Pleasant  Hill,  and  Franklin 
stations  were  estimated  from  the  data  at  adjacent  stations  and 
were  included  in  the  calculation  of  averages. 

An  inspection  of  the  table  shows  that  the  runoff  in  the  Miami 
Valley  is,  on  the  average,  about  one-third  of  the  rainfall.  The 
runoff  from  the  Buck  Creek  drainage  area  seems  to  be  somewhat 
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less  than  in  the  other  parts  of  the  Mad  River  Valley.  The  total 
runoff  from  the  Mad  River  drainage  area,  as  shown  by  the  rec- 
ords at  the  Wright  station,  is  the  same  as  the  total  runoff  from 
the  Stillwater  River  Valley,  as  shown  by  the  West  Milton  rec- 
ords. The  runoff  in  the  upper  Miami  Valley  seems  to  be  prac- 
tically the  same  as  the  runoff  in  the  Mad  and  Stillwater  drain- 
age areas.  The  runoff  in  the  Twin,  Seven  Mile,  and  Four  Mile 
Creek  areas,  southwest  of  Dayton,  seems  to  be  higher  than  in 
the  other  parts  of  the  valley.  However,  the  records  at  these 
stations  are  somewhat  more  uncertain  than  those  at  the  other 
stations,  due  to  the  greater  difficulties  encountered  in  obtaining 
the  stream  flow  data ;  and  it  is  doubtful  if  the  runoff  is  actually 
much  different  from  that  of  the  other  parts  of  the  Miami  Val- 
ley. The  records  at  Hamilton,  which  are  very  satisfactory,  seem 
to  bear  out  this  conclusion  since  they  agree  substantially  with 
the  Dayton  records. 

The  runoff  during  the  year  1916  was  comparatively  high, 
and  the  evaporation  comparatively  low,  due  to  the  large  amount 
of  storm  rainfall  that  fell  during  the  months  of  January,  Feb- 
ruary, and  March,  when  the  available  surface  and  ground  stor- 
age was  a  minimum  and  the  evaporation  rate  insigniflcant. 

Records  Above  Hamilton 

Table  22  gives  the  annual  rainfall,  runoff,  evaporation,  and 
ratio  of  runoff  to  rainfall,  for  the  Hamilton  station.  Averages 
of  the  various  quantities  and  departures  from  the  averages  are 
also  given;  and  the  maximum  and  minimum  records  are  set  in 
bold  face  type. 

The  rainfall  records  are  accurate  throughout.  The  maximum 
error  for  a  single  year  probably  does  not  exceed  two  per  cent. 
The  runoff  and  evaporation  records  are  believed  to  be  fairly 
accurate  for  all  years  except  1912.  The  runoff  of  15.6  inches 
given  for  1912  is  believed  to  be  considerably  too  low,  inasmuch 
as  the  record  for  Dayton,  for  the  same  year  is  23.1  inches.  The 
Dayton  record  is  probably  too  high.  There  seems  to  be  no  rea- 
son why  the  amounts  at  these  two  stations  should  be  so  differ- 
ent. The  records  for  the  years  1915  to  1919,  inclusive,  agree 
very  well,  as  previously  mentioned.  The  rainfall  during  the  year 
1912  was  about  the  same  as  in  1913  but  was  much  more  uni- 
formly distributed  throughout  the  year.  Consequently  the  run- 
off would  be  expected  to  be  greater  than  normal  but  less  than 
in  1913.    Probably  the  average  of  the  two  records,  19.3  inches, 
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is  about  the  true  value.  Assuming  this  figure  to  be  correct  the 
evaporation  for  1912  would  be  reduced  from  27.8  inches  to  24.1 
inches. 

Owing  to  the  insufficiency  of  the  stream  flow  records,  the 
runoff  for  the  year  1913  has  been  assumed  to  be  the  same  as  at 
Dayton,  an  assumption  probably  not  much  in  error  since  the 
runoff  at  Da3rton  was  well  determined. 

While  the  period  of  record,  only  nine  years,  is  too  short  to 
give  very  satisfactory  information,  the  data  seems  to  show  that 
the  runoff  is  the  most  variable  quantity  of  the  three  and  that  the 
rainfall  is  the  least  variable.  The  average  departure  of  the  an- 
nual runoff  from  the  mean  value  is  seen  to  be  26.1  per  cent;  the 
average  departure  of  the  annual  evaporation,  12.5  per  cent ;  and 
the  average  departure  of  the  annual  rainfall,  only  7.9  per  cent. 
A  considerably  greater  value  for  the  average  departure  of  an- 
nual rainfall  was  obtained  for  the  Miami  Valley  above  Da3rton, 
where  records  for  25  years  are  available,  as  will  be  discussed  later. 
The  maximum  annual  rainfall  is  seen  to  be  1.12  times  the  mean 
and  1.33  times  the  minimum ;  the  maximum  annual  runoff,  1.73 
times  the  mean  and  2.54  times  the  minimum ;  and  the  maximum 
annual  evaporation,  1.23  times  the  mean  and  1.62  times  the 
minimum. 

The  average  ratio  of  runoff  to  rainfall  is  seen  to  be  36.3  per 
cent,  or  slightly  greater  than  one-third.  The  maximum  value 
occurred  during  the  year  1913,  probably  due  to  the  memorable 
flood  of  that  year.  Although  the  ratio  was  unusually  low  in  1915, 
when  the  evaporation  was  a  maximum  due  to  the  large  amount 
of  storm  rainfall  occurring  during  the  summer  months,  the  ac- 
tual minimum  value  occurred  in  1918,  amounting  to  only  25.3 
per  cent. 

Records   Above   Dayton 

Table  23  gives  the  annual  rainfall,  runoff,  evaporation,  tem- 
perature, and  ratio  of  runoff  to  rainfall,  for  the  years  1894  to 
1918,  inclusive,  at  the  Dayton  station,  25  years  in  all.  Averages 
of  the  various  quantities  and  departures  from  the  averages  are 
given  as  in  table  22 ;  and  the  maximum  and  minimum  values  are 
set  in  bold  face  type.  The  ratios  of  the  maximum  quantities  to 
the  mean  and  minimum  quantities  are  also  included. 

The  rainfall  and  temperature  records  are  fairly  satisfactory 
throughout.  The  runoff  and  evaporation  records  are  more  re- 
liable during  the  years  1905  to  1918,  inclusive,  than  they  are  dur- 
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ing  the  earlier  years,  although  the  data  for  1912  is  probably  in 
error,  as  previously  mentioned. 

Figure  27  shows  the  total  runoff,  rainfall,  and  evaporation, 
in  inches,  and  the  average  temperature  in  degrees  Fahrenheit, 
for  each  year;  also  the  mean  annual  values.  Figure  28  shows 
the  annual  departures  of  the  various  quantities. 


60 


r 


^^Temperature 


'Average,  /8^4  '/9/8inc/. 


Years 

FIG.  27.— ANNUAL  RAINFALL.  RUNOFF,  EVAPORATION,  AND  TEM- 
PERATURE ABOVE  DAYTON. 

The  horizontal  lines  indicate  the  mean  annual  values  of  the  various 
quantities. 

Table  23  shows  that  the  mean  annual  rainfall  is  37.07  inches ; 
the  mean  annual  runoff,  11.87  inches;  the  ratio  of  mean  annual 
runoff  to  mean  annual  rainfall,  32.04  per  cent,  or  slightly  less 
than  one-third ;  the  mean  annual  evaporation,  25.20  inches ;  and 
the  mean  annual  temperature,  52.76  degrees  Fahrenheit.    The 
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average  departure  of  the  annual  rainfall  is  seen  to  be  11.13  per 
cent ;  of  the  runoff,  36.83  per  cent ;  of  the  evaporation,  12.66  per 
cent;  and  of  the  temperature,  2.11  x>er  cent.  These  figures  show 
that  the  runoff  is  much  more  variable  than  either  the  rainfall  or 
the  evaporation,  that  the  rainfall  is  only  slightly  less  variable 
than  the  evaporation,  a  condition  somewhat  different  from  that 
shown  by  the  9-year  record  at  Hamilton,  and  that  the  tempera- 
ture is  much  less  variable  than  any  of  the  other  quantities. 

/20 


Years 

FIG.  28.— DEPARTURES  OF  ANNUAL  RAINFALL,  RUNOFF,  EVAPO- 
RATION, AND  TEMPERATURE  ABOVE  DAYTON. 

The  theory  that  the  annual  evaporation  is  a  relatively  con- 
stant quantity,  which  has  been  advanced  by  some  engineers,  does 
not  appear  to  be  true  for  the  Miami  Valley.  The  reason  evapora- 
tion is  variable  is  that  the  rainfall  is  variable.  In  order  for  the 
evaporation  to  be  constant  it  would  be  necessary  for  the  rainfall 
to  be  constant  in  distribution  throughout  the  year  as  well  as  in 
quantity;  inasmuch  as  the  transpiration,  which  constitutes  the 
greater  part  of  the  annual  evaporation,  varies  with  the  amount 
of  water  available  during  the  growing  season.    The  variations 
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in  annual  evaporation  probably  decrease  in  importance  as  the 
proportion  of  the  drainage  area  covered  by  water  surfaces  in- 
creases. 

In  fisrure  29  the  runoff  and  evaporation  departures  have  been 
platted  as  ordinates  against  the  rainfall  departures  as  abscissas. 
These  diagrams  seem  to  indicate  that  the  runoff  is  generally 
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-RELATIONS    BETWEEN    ANNUAL    RAINFALL,    RUNOFF, 
AND  EVAPORATION  ABOVE  DAYTON. 


Departures  of  annual  runoff  and  evaporation  are  platted  as  ordinates 
against  the  departures  of  annual  rainfall  as  abscissas. 


greater  than  normal  when  the  rainfall  is  greater  than  normal 
and  vice  versa ;  also  that  runoff  is  a  more  variable  quantity  than 
either  rainfall  or  evaporation. 

The  maximum  annual  rainfall  is  seen  to  be  1.25  times  the 
mean  and  1.92  times  the  minimum ;  the  maximum  annual  runoff, 
2.05  times  the  mean  and  6.60  times  the  minimum ;  the  maximum 
annual  evaporation,  1.51  times  the  mean  and  2.06  times  the  min- 
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imum;  and  the  maximum  annual  temperature,  1.04  times  the 
mean  and  1.10  times  the  minimum. 

The  minimum  annual  rainfall  occurred  during  the  year  1895, 
amounting  to  24.0  inches,  or  about  65  per  cent  of  the  mean  an- 
nual. The  minimum  annual  runoff  occurred  during  the  same 
year  and  amounted  to  3.7  inches,  or  about  31  per  cent  of  the  mean 
annual.  While  the  runoff  records  for  the  years  1894  to  1904  are 
not  so  accurate  as  they  are  for  the  later  years,  the  value  of  3.7 
inches  in  1895  is  checked,  in  a  way,  by  the  record  of  only  4.9 
inches  for  the  same  year  for  the  Muskingum  drainage  area  above 
Zanesville,  where  the  topography  is  slightly  more  rugged  than 
in  the  Miami  Valley.* 

The  maximum  rainfall  occurred  in  1896,  following  the  year 
of  minimum  rainfall,  and  amounted  to  46.2  inches,  or  about  25 
per  cent  more  than  normal.  The  runoff  in  1896  was  only  8.1 
inches,  or  about  68  per  cent  of  the  normal  amount ;  and  the  evapo- 
ration was  38.1  inches,  or  about  51  per  cent  more  than  normal, 
being  the  maximum  for  the  entire  record.  However,  this  is  an 
instance  where  the  error  due  to  the  division  into  annual  periods 
may  have  an  appreciable  value.  Figure  30  shows  the  total  rain- 
fall on  the  drainage  area  above  Da5rton  for  each  month  of  each 
year  from  1894  to  1918,  inclusive ;  and  also  the  average  for  each 
month  calculated  from  the  25  separate  values.  The  rainfall  dur- 
ing the  months  of  July,  August,  and  September,  1896,  is  seen  to 
have  been  considerably  greater  than  normal,  amounting  to  8.94, 
5.06,  and  6.13  inches,  respectively.  Consequently  a  part  of  this 
precipitation  may  have  percolated  through  the  surface  soil ;  and, 
instead  of  being  evaporated,  appeared  later,  as  ground  water 
runoff.  The  study  of  monthly  runoff,  given  later,  shows  that  this 
delayed  runoff  probably  did  not  exceed  an  inch.  Assuming  this 
figure  to  be  correct  the  evaporation  would  be  decreased  to  37.1 
inches  in  1896,  an  amount  still  greater  than  any  other  annual 
amount,  and  increased  to  21.5  inches  in  1897 ;  the  runoff  would 
be  increased  to  9.1  inches  in  1896  and  decreased  to  11.8  inches 
in  1897;  and  the  ratio  of  runoff  to  rainfall  would  be  increased 
to  19.7  in  1896  and  decreased  to  35.4  in  1897.  The  unusual  evapo- 
ration during  the  year  1896  was  undoubtedly  due  to  the  large 
amount  of  storm  rainfall  that  fell  during  the  summer  months 
when  the  plant  requirements  were  a  maximum. 

The  maximum  runoff  occurred  in  1913,  and  amounted  to  24.4 
inches,  or  about  105  per  cent  more  than  normal.    The  minimum 

♦See  U.  S.  Geological  Survey  Water  Supply  Paper  80,  by  George  W. 
Rafter,  1903,  page  85. 
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evaporation  occurred  during  the  same  year,  amounting  to  18.5 
inches  or  about  27  per  cent  less  than  normal.  The  large  runoff 
and  small  evaporation  in  1913  was  undoubtedly  due  to  the  large 
amount  of  storm  rainfall  that  fell  during  the  months  of  January 
and  March,  when  the  conditions  were  most  favorable  for  high 
rates  of  surface  runoff. 

A  period  of  low  rainfall  and  runoff  occurred  during  the  years 
1899  to  1902,  inclusive.  During  this  time  the  amount  of  runoff 
gradually  decreased  until  in  1902  it  was  only  3.8  inches,  or  only 
0.1  of  an  inch  greater  than  the  minimum  for  the  entire  record. 
The  minimum  ratio  of  runoff  to  rainfall  occurred  during  this 
year,  amounting  to  only  12.0  per  cent.  In  fact,  a  study  of  the 
data  in  table  23  seems  to  indicate  that  the  ratio  of  runoff  to  rain- 
fall is  generally  lower,  as  might  be  expected,  during  the  dry 
periods  than  it  is  during  the  wet  periods. 

That  variations  in  the  amount  of  annual  runoff  and  evapora- 
tion are  due  principally  to  the  distribution  of  rainfall  through- 
out the  year  rather  than  to  the  amount  of  the  rainfall  is  indicated 
by  the  preceding  discussion  of  conditions  during  the  years  1896 
and  1913.  A  study  of  figures  27,  28,  and  30  leads  to  further  cor- 
roboration of  this  conclusion.  During  the  year  1914,  when  the 
rainfall  was  32.3  inches,  or  about  13  per  cent  less  than  normal, 
the  runoff  was  only  8.3  inches,  or  about  30  per  cent  less  than 
normal,  and  the  evaporation  was  24.0  inches,  or  only  about  5  per 
cent  less  than  normal,  due  to  the  comparatively  uniform  distri- 
bution of  the  rainfall  throughout  the  year.  In  1915,  the  rain- 
fall was  41.8  inches,  or  about  13  per  cent  more  than  normal; 
and  was  comparatively  heavy  during  the  summer  months,  when 
transpiration,  surface  and  soil  storage  were  comparatively  great. 
Consequently  the  evaporation  was  29.7  inches,  or  about  18  per 
cent  more  than  normal,  while  the  runoff  was  only  12.1  inches 
or  about  2  per  cent  more  than  normal.  In  1916,  when  the  rain- 
fall was  39.9  inches,  or  only  about  8  per  cent  more  than  normal, 
the  runoff  was  19.2  inches,  or  about  62  per  cent  more  than  nor- 
mal, and  the  evaporation  was  only  20.7  inches,  or  about  18  per 
cent  less  than  normal,  due  to  the  large  amount  of  precipitation 
that  occurred  as  storm  rainfall,  principally  during  the  winter 
months.  The  conditions  durmg  other  years  might  be  de- 
scribed but  those  already  mentioned  are  probably  sufficient  to 
indicate  the  importance  of  rainfall  distribution. 

The  three  diagrams  in  figure  31  show  the  annual  rainfall, 
runoff  and  evaporation  departures,  respectively,  platted  as  ordi- 
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nates  against  the  annual  temperature  departures  as  abscissas. 
No  definite  relation  seems  to  be  shown  by  any  of  these  diagrams. 
The  variations  in  annual  temperature  are  so  small  that  what- 
ever effect  they  may  have  on  rainfall,  runoff,  or  evaporation  are 
not  of  sufficient  magnitude  to  become  noticeable. 

SEASONAL    RAINFALL    AND    RUNOFF 

Table  24  gives  the  seasonal  rainfall,  runoff,  retention,  tem- 
perature, and  ratio  of  runoff  to  rainfall  for  the  drainage  area 
of  the  Miami  River  above  Dayton.  The  year  is  divided  into 
three  seasons,  or  periods,  as  they  are  generally  termed ;  the  re- 
plenishing, storage,  and  growing  periods.  The  replenishing  pe- 
riod includes  the  months  of  October,  November,  and  December; 
the  storage  period,  the  months  of  January,  February,  March,  and 
April;  and  the  growing  period,  the  months  of  May,  June,  July, 
August,  and  September. 

Averages  of  the  various  quantitieis  for  the  twenty-five  years 
of  record  are  included  in  the  table ;  and  the  maximum  and  min- 
imum values  are  set  in  bold  face  type.  The  ratios  of  the  maxi- 
mum to  the  mean  and  minimum  quantities  are  also  given.  The 
data  is  shown  graphically  in  figure  32. 

The  mean  values  given  near  the  bottom  of  table  24  show  that 
on  the  average  the  rainfall  is  about  7.69  inches,  or  about  21  per 
cent  of  the  mean  annual,  during  the  replenishing  period ;  about 
12.23  inches,  or  33  per  cent  of  the  mean  annual,  during  the  stor- 
age period ;  and  about  17.13  inches,  or  46  per  cent  of  the  mean 
annual,  during  the  growing  season.  The  average  runoff  appears 
to  be  about  1.69  inches,  or  14  per  cent  of  the  mean  annual,  dur- 
ing the  replenishing  period ;  about  7.22  inches,  or  61  per  cent  of 
the  mean  annual,  during  the  storage  period;  and  about  2.96 
inches,  or  25  per  cent  of  the  mean  annual,  during  the  growing 
period.  The  average  retention  appears  to  be  about  6.00  inches, 
or  24  per  cent  of  the  mean  annual,  during  the  replenishing  pe- 
riod ;  about  5.01  inches,  or  20  per  cent  of  the  mean  annual,  dur- 
ing the  storage  period;  and  about  14.17  inches,  or  56  per  cent 
of  the  mean  annual,  during  the  growing  season.  The  mean  tem- 
perature is  43.1  degrees  Fahrenheit,  during  the  replenishing 
period,  38.2  degrees  during  the  storage  period,  and  70.3  degrees 
during  the  growing  period,  the  mean  annual  being  52.76  de^ees, 
as  previously  mentioned.  It  is  interesting  to  note  the  compara- 
tively high  retention  and  low  runoff  during  the  growing  season 
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Year^ 

Curves  A  cmd A'  ^ Rcrinfali       Curves  Ccvk/C';^ Retention 
#       B  t    B' '^RunoTF  n       Dm  Dmlemperaturt 

FIG.  32.— SEASONAL  RAINFALL,  RUNOFF,  RETENTION,  AND  TEMP- 
ERATURE ABOVE  DAYTON. 

The  storage  period  includes  the  months  of  January  to  April ;  the  grow- 
ing period,  the  months  of  May  to  September;  and  the  replenishing  period, 
the  months  of  October  to  December.  Curves  A',  B',  C,  and  D'  represent 
mean  values  for  the  25  years  of  record. 
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and  the  comparatively  low  retention  and  high  runoff  during  the 
storage  season. 

By  making  proper  allowance  for  the  drying  out  of  the  sur- 
face soil  and  for  the  maintenance  of  stream  flow  by  ground 
water  storage  it  is  possible  to  estimate  the  total  amount  of  evap- 
oration during  the  growing  period.  The  Moraine  Park  data, 
described  in  chapter  III,  indicates  that  the  amount  of  moisture 
in  the  soil  is  reduced  about  5  inches  by  transpiration  and  soil 
evaporation  during  the  summer.  If  it  is  assumed  that  no  per- 
colation occurs  during  the  growing  period  and  that  two-thirds 
of  the  stream  flow  during  this  time  is  surface  runoff,  assump- 
tions which  are  believed  to  be  reasonably  correct  for  the  Miami 
Valley,  the  evaporation  during  the  growing  season  would  be 
about  20  inches,  or  about  80  per  cent  of  the  mean  annual  evapor- 
ation. This  would  leave  about  5  inches  to  be  evaporated  during 
the  7  months  included  in  the  replenishing  and  storage  periods, 
corresponding  to  an  average  rate  of  about  three-quarters  of  an 
inch  per  month  which  seems  reasonable  for  the  months  of  Oc- 
tober to  April,  inclusive. 

A  comparison  of  the  data  in  table  24  with  that  given  in  table 
23  shows  that  the  seasonal  values  are  more  variable  than  the 
annual  values  in  practically  all  cases,  as  would  naturally  be  ex- 
pected. This  is  shown  by  the  ratio  of  the  maximum  quantities 
to  the  mean  and  minimum  values  as  well  as  by  a  study  of  the  in- 
dividual records.  The  ratios  seem  to  indicate  that  the  runoff 
during  the  growing  season  is  slightly  more  constant  than  the  to- 
tal annual  runoff.  However,  a  study  of  the  departures  from  the 
normal  runoff  for  the  growing  period,  not  included  herein,  shows 
the  annual  runoff  to  be  slightly  more  constant.  The  runoff  seems 
to  be  more  variable  than  either  the  rainfall  or  the  retention,  in 
all  cases. 

Replenishing  Period 

• 

The  maximum  rainfall  and  the  maximum  runoff  during  the 
replenishing  period,  11.43  and  5.63  inches  respectively,  both  oc- 
curred in  1912,  when  the  annual  rainfall  was  considerably  great- 
er than  normal.  The  maximum  retention,  amounting  to  9.09 
inches,  occurred  during  the  year  1898,  the  year  of  maximum  an- 
nual temperature.  The  mean  temperature  during  the  replenish- 
ing period  in  1898  was  46.2  degrees  Fahrenheit,  or  only  0.1  of  a 
degree  less  than  the  maximum  value.  The  maximum  tempera- 
ture occurred  in  1901.    The  minimum  rainfall,  3.16  inches  and 


154  MIAMI  CONSERVANCY  DISTRICT 

the  minimum  retention,  2.25  inches,  both  occurred  in  1909.  The 
minimum  runoff,  0.56  inches  occurred  in  1902,  when  the  total 
annual  runoff  was  only  0.1  of  an  inch  greater  than  the  minimum 
annual  amount.  The  minimum  temperature  for  this  period,  36.6 
degrees,  occurred  in  1918,  calendar  year  1917,  the  early  part  of 
the  unusually  severe  wihter  of  1917  and  1918.  It  is  interesting 
to  note  that  the  minimum  ratio  of  runoff  to  rainfall,  for  this 
period,  occurred  in  the  year  1896,  immediately  following  the 
growing  period  in  which  the  rainfall,  runoff,  and  retention  were 
all  minimum  values ;  also  that  the  maximum  value  of  this  ratio 
occurred  in  1897,  immediately  following  the  growing  period 
in  which  the  rainfall  and  retention  were  maximum  values.  The 
ratio  was  unusually  low  in  1896  because  the  necessary  replenish- 
ing of  the  soil  storage  was  considerably  greater  than  usual.  It 
was  unusually  high  in  1897  because  the  replenishing  had  been 
accomplished  to  an  extent  greater  than  usual  during  the  pre- 
ceding period,  thus  causing  a  relatively  high  ground  water  flow. 

Storage  Period 

The  maximum  values  of  rainfall  and  runoff  during  the  stor- 
age period,  23.88  and  20.89  inches  respectively,  both  occurred  in 
1913,  the  year  of  maximum  annual  runoff  and  minimum  annual 
evaporation.  These  maxima  were  undoubtedly  caused  primarily 
by  the  great  storm  and  resulting  disastrous  flood  of  March  23  to 
27.  The  minimum  rainfall,  6.21  inches,  the  minimum  runoff, 
1.38  inches,  and  the  minimum  ratio  of  runoff  to  rainfall,  22.2 
per  cent,  all  occurred  in  1902,  the  year  in  which  the  ratio  of  an- 
nual runoff  to  annual  rainfall  was  a  minimum  and  in  which  the 
annual  runoff  was  only  0.1  of  an  inch  greater  than  the  minimum 
value.  The  maximum  retention,  8.99  inches,  occurred  in  1909. 
The  minimum  retention  occurred  in  1912,  the  runoff  during  this 
period  being  greater  than  the  rainfall.  This  record,  however, 
is  probably  uncertain  due  to  errors  in  the  runoff.  As  explained 
in  the  discussion  of  the  records  at  Hamilton  the  runoff  records 
for  Da5rton  for  1912  are  believed  to  be  somewhat  too  high.  The 
retention  during  the  storage  period  was  probably  a  minimum  in 
1910,  when  the  record  amounted  to  0.48  of  an  inch.  The  maxi- 
mum ratio  of  runoff  to  rainfall  given  as  100.7  in  1912  is  also 
undoubtedly  in  error  due  to  the  error  in  runoff  records.  The 
value  of  87.5  per  cent  given  for  the  years  1913  and  1916  prob- 
ably represents  the  maximum  value  for  this  period.    The  min- 
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imum  temperature,  32.8  degrees,  occurred  in  1912 ;  and  the  max- 
imum, 41.8  degrees,  occurred  in  1894. 

Growing  Period 

During  the  growing  season  the  minimum  rainfall,  minimum 
runoff,  and  minimum  retention  all  occurred  in  the  year  1895,  the 
year  of  minimum  annual  rainfall.  The  maximum  rainfall  and 
maximum  retention  occurred  the  following  year,  the  year  of  max- 
imum annual  rainfall  and  maximum  annual  evaporation.  The 
maximum  runoff  for  this  period  occurred  in  1915,  and  was  prob- 
ably due  to  the  floods  of  July  of  that  year.  The  minimum  ratio  of 
runoff  to  rainfall  occurred  in  1902,  the  year  in  which  the  mini- 
mum ratio  for  the  storage  period  occurred,  and  in  which  the 
total  annual  runoff  was  only  0.1  of  an  inch  greater  than  the  min- 
imum annual  amount.  The  maximum  value  of  this  ratio  oc- 
curred in  1909  when  the  runoff  and  rainfall  were  both  consid- 
erably above  normal.  The  maximum  temperature  occurred  in 
1900.  The  minimum  temperature  occurred  in  1917  preceding 
the  unusually  severe  winter  of  1917  and  1918. 

MONTHLY  RAINFALL  AND  RUNOFF 

Tables  25  to  28,  inclusive,  give  the  monthly  rainfall,  runoff, 
retention,  and  ratio  of  runoff  to  rainfall,  for  the  drainage  area 
of  the  Miami  River  above  Dayton.  Table  29  gives  the  monthly 
temperatures  at  Dayton.  Maximum  and  minimum  records  are 
indicated  as  in  the  preceding  tables;  and  the  average  values  of 
the  various  quantities  are  included.  Ratios  of  the  maximum  rec- 
ords to  the  mean  and  minimum  records  are  given  for  the  rainfall, 
runoff,  retention,  and  temperature. 

Figure  33  shows  the  maximum,  mean,  and  minimum  values 
of  the  various  quantities.  The  maximum  values  are  platted  to- 
gether in  the  upper  part  of  the  figure,  the  mean  values  near  the 
center,  and  the  minimum  values  in  the  lower  part.  It  should 
be  noted  that  since  the  maximum  and  minimum  values  of  the 
rainfall,  runoff,  and  retention  frequently  occur  in  different  years, 
the  relation  that  the  retention  is  equal  to  the  rainfall  minus  the 
runoff  holds  only  for  the  mean  curves.  Only  the  mean  values 
of  the  ratio  of  runoff  to  rainfall  are  platted.  The  maximum  and 
minimum  values  are  so  erratic,  due  to  the  short  periods  of  time 
considered,  that  they  are  practically  meaningless.  Figure  34 
shows  the  same  data  as  figure  33,  arranged  somewhat  differently. 
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In  this  case  the  three  temperature  curves  are  kept  together,  the 
three  rainfall  curves  together,  and  so  on. 

The  mean  distribution  of  the  rainfall,  runoff,  retention,  and 
temperature  throughout  the  year  is  shown  by  the  group  of  curves 
in  the  center  of  figure  33,  as  well  as  by  the  average  values  given 
at  the  bottom  of  the  tables.  The  minimum  mean  monthly  rain- 
fall occurs  during  the  month  of  February  and  amounts  to  2.24 
inches.  If  the  record  were  increased  so  as  to  correspond  to  a 
month  of  30  days  instead  of  28  the  amount  would  still  be  less 
than  the  record  for  November,  the  next  lowest  month.  March 
seems  to  be  the  month  of  heaviest  rainfall,  the  average  for  this 
month  being  3.80  inches.  However,  the  value  of  3.73  inches  ob- 
tained for  the  months  of  June  and  July  is  practically  as  great. 
There  appears  to  be  a  decrease  in  rainfall  during  April,  the 
average  amount  for  this  month  being  only  2.98  inches.  It  is 
interesting  to  note  that  a  similar  decrease  during  this  month  is 
shown  by  the  majority  of  the  diagrams  for  southwestern  Ohio, 
published  by  the  U.  S.  Weather  Bureau,  in  Volume  II  of  Bulletin 
W.*  The  rainfall  is  generally  low  during  the  months  of  October, 
November,  and  December ;  and  generally  high  during  the  months 
of  May,  June,  and  July. 

The  distribution  of  runoff  during  the  year  is  slightly  differ- 
ent from  the  rainfall  distribution,  inasmuch  as  it  is  generally 
low  during  the  summer  months.  However,  the  month  of  greatest 
runoff  is  the  same  as  the  month  of  greatest  rainfall,  the  monthly 
runoff  being  a  maximum  during  March,  amounting  to  2.62  inches. 
September  is  the  month  of  lowest  runoff,  the  average  for  this 
month  being  only  0.37  inches. 

The  curve  of  mean  retention  follows,  in  a  way,  the  curve  of 
mean  temperature,  being  high  in  the  summer  and  low  in  the 
winter.  The  minimum  monthly  retention  occurs  in  February, 
the  month  of  minimum  rainfall,  and  amounts  to  only  0.70  inches. 
June  is  the  month  of  maximum  retention,  the  average  for  this 
month  being  3.11  inches. 

The  curve  of  the  average  ratio  of  runoff  to  rainfall  is  just 
the  reverse  of  the  temperature  curve,  being  high  in  the  winter 
and  low  in  the  summer.  The  maximum  ratio  of  monthly  runoff 
to  monthly  rainfall  occurs  in  March,  being  68.8  per  cent.  The 
minimum  ratio  occurs  in  August,  being  11.8  per  cent. 

A  study  of  the  maximum  and  minimum  values,  and  of  the 
ratios  given  at  the  bottom  of  the  tables,  shows  that  the  various 

^Summary  of  Climatologfical  Data  East  of  the  Mississippi  River,  Bul- 
letin W,  Volume  II,  U.  S.  Weather  Bureau,  Washington,  D.  C,  1912. 
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FIG.  33.— MAXIMUM,  MEAN,  AND  MINIMUM  MONTHLY  RAINFALL, 
RUNOFF,  RETENTION,  AND  TEMPERATURE  ABOVE  DAYTON. 

The  ratio  of  the  mean  monthly  runoff  to  the  mean  monthly  rainfall, 
expressed  as  a  percentage,  has  been  added  to  the  group  of  mean  values. 
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FIG.  34.— MAXIMUM,  MEAN,  AND  MINIMUM  MONTHLY  RAINFALL, 
RUNOFF,  RETENTION,  AND  TEMPERATURE  ABOVE  DAYTON. 

Curves  shown  in  figrure  33  have  been  arranged  so  as  to  show  more 
clearly  the  differences  between  the  maximum  and  the  minimum  values  of 
the  various  quantities. 
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quantities  are  all  quite  variable,  much  more  variable  than  the 
annual  or  seasonal  quantities,  as  would  naturally  be  expected. 
The  runoff  again  seems  to  be  considerably  more  variable  than 
either  the  rainfall  or  the  retention. 

The  maximum  rainfall  during  any  one  month  of  the  entire 
record  occurred  in  March,  1913,  due  to  the  great  storm  of  March 
24  to  27,  and  amounted  to  10.51  inches.  The  maximum  runoff 
for  any  one  month  also  occurred  during  March,  1913,  and 
amounted  to  the  same  value.  The  ground  water  flow  at  this  time 
was  unusually  high  due  to  the  heavy  precipitation  of  the  pre- 
ceding January.  The  minimum  rainfall  for  the  entire  period 
occurred  in  March,  1910,  and  amounted  to  only  0.07  of  an  inch. 
The  minimum  runoff  occurred  in  November,  1902,  calendar  year 
1901,  amounting  to  only  0.14  of  an  inch. 

Maximum  and  minimum  values  of  monthly  retention  and 
ratio  of  runoff  to  rainfall,  as  well  as  all  individual  values,  are 
more  or  less  erratic  due  to  the  short  period  of  time  considered. 
The  runoff  very  frequently  is  not  comparable  with  the  rainfall 
for  the  same  month.  Probably  the  chief  value  of  the  data  given 
in  tables  27  and  28  is  to  show  this.  During  the  winter  months 
the  runoff  is  often  greater  than  the  precipitation,  due  either  to 
snow  accumulations  or  to  floods  in  the  early  part  of  the  month 
caused  by  heavy  precipitation  during  the  late  part  of  the  pre- 
ceding month.  The  runoff  during  February,  1916,  was  greater 
than  the  rainfall,  due  to  the  flood  runoff  resulting  from  the  heavy 
precipitation  of  January  30  and  31.  The  runoff  of  February, 
1918,  was  greater  than  the  rainfall,  due  to  the  melting  of  the 
heavy  snows  which  had  fallen  during  January.  Other  negative 
values  of  retention  might  be  similarly  explained. 

The  curves  of  maximum,  mean,  and  minimum  monthly  tem- 
perature given  in  figure  34  need  no  discussion.  However,  it  is 
interesting  to  note  that  the  minimum  records  for  October,  De- 
cember, and  January  all  occurred  during  the  unusually  severe 
winter  of  1917  and  1918. 

SURFACE  AND  GROUND  WATER  FLOW 

Table  30  shows  the  relation  between  surface  and  ground 
water  flow  for  the  drainage  areas  of  the  Miami  River  above  Day- 
ton, of  Mad  River  above  Wright,  of  Buck  Creek  above  Springfield, 
and  of  Stillwater  River  above  West  Milton.  The  annual  amounts 
of  surface  runoff  and  of  ground  water  runoff  are  given  in  inches 
depth  over  the  drainage  areas  and  in  percentages  of  the  total 


RAINFALL  AND  RUNOFF  165 

runoff,  for  each  year  for  which  records  are  available.  The  total 
annual  runoff  in  inches  is  also  included.  The  maximum  and 
minimum  records  are  indicated  as  before. 

The  proportions  of  annual  runoff  which  appear  as  surface  or 
flood  flow  and  as  low  water  or  ground  water  flow  can  be  deter- 
mined only  approximately.  No  exact  separation  is  possible.  In 
calculating  the  data  given  in  table  30,  the  separation  was  made 
on  the  hydrographs  in  the  following  manner:  Lines  represent- 
ing the  rate  of  ground  water  flow  were  drawn  so  as  to  pass 
through  the  low  points  only,  as  shown  in  figures  35  to  39,  inclu- 
sive. The  endeavor  was  to  draw  the  lines  so  that  the  increased 
flow  of  tiles  immediately  after  a  flood,  that  is,  the  drainage  of 
the  surface  soil,  would  be  included  in  the  surface  or  flood  runoff 
rather  than  in  the  ground  water  runoff,  since  such  flow  acts  more 
nearly  like  surface  flow  than  like  low  water  flow.  It  was  also 
assumed  that  no  percolation  occurs  during  the  growing  season 
or  before  the  latter  part  of  the  replenishing  period,  that  is,  dur- 
ing the  period  from  about  May  1  to  about  December  1.  Having 
arbitrarily  drawn  the  curve  representing  the  rate  of  ground 
water  flow,  it  was,  of  course,  simply  a  matter  of  calculation  to 
determine  the  total  amounts  of  surface  and  ground  water  runoff 
during  the  year. 

Reference  to  table  30  shows  that  in  the  Miami  Valley  above 
Dayton  the  surface  flow  is  about  two-thirds  of  the  total  runoff, 
and  the  ground  water  flow  about  one-third.  In  the  Buck  Creek 
Valley  the  surface  flow  contributes  only  about  44  per  cent  of  the 
total  and  the  ground  water  flow  about  56  per  cent  In  the  Mad 
River  Valley  above  Wright,  including  the  Buck  Creek  Valley, 
the  surface  flow  amounts  to  about  53  per  cent  of  the  total  and 
the  ground  water  flow,  to  about  47  per  cent.  In  the  Stillwater 
River  Valley  the  surface  flow  constitutes  about  79  per  cent  of 
the  total  and  the  ground  water  flow,  only  about  21  per  cent. 

These  wide  differences  in  the  proportions  of  surface  and 
ground  water  flow  are  the  result  of  variations  in  geological  and 
soil  conditions.  In  the  Mad  River  Valley  there  is  relatively  large 
underground  storage  in  deep  deposits  of  glacial  gravel,  while 
the  comparatively  loose  and  shallow  surface  soil  permits  rapid 
percolation.  Gravel  deposits  are  less  extensive  in  the  Miami 
Valley  above  Dayton,  and  still  less  frequent  in  the  Stillwater 
Valley.  Over  a  considerable  portion  of  the  latter  basin  there  are 
but  a  few  feet  of  residual  clay  soil  overlying  the  bed  rock,  which 
generally  is  limestone.    On  these  drainage  areas  surface  slope 
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Table  30. — Surface  and  Ground  Water  Runoff  in  the  Miami  Valley 


Ymt 

Total 

Surface  Runoff 

Ground  Water  Runoff 

Ending 
Septenaber  80 

Runoff 
in  Inches 

Inchee 

%  of  Total 

Inches 

%  of  Total 

DRAINAGE  AREA  OF  THE  MIAMI  RIVER  ABOVE  DAYTON 

1894 

4.92 

1.90 

•      38.6       1       3.02 

61.4 

1896 

3.72 

1.29 

34.7 

2.43 

65.3 

1896 

8.08 

4.47 

55.3 

3.61 

44.7 

1897 

12.78 

8.19 

64.1 

4.59 

35.9 

1898 

14.70 

10.41 

70.8 

4.29 

29.2 

1899 

9.72 

5.32 

54.7 

4.40 

45.3 

1900 

6.58 

3.16 

48.0 

3  42 

52.0 

1901 

5.65 

2.67 

47.3 

2.98 

52.7 

1902 

3.76 

1,56 

41.5 

2.20 

58.5 

1903 

12.56 

7.77 

61.9 

4.79 

38.1 

1904 

13.09 

9.38 

71.7 

3.71 

28.3 

1905 

7.08 

4.46 

63.0 

2.62 

37.0 

1906 

9.18 

5.25 

57.2 

3.93 

42.8 

1907 

17.16 

11.38 

66.3 

5.78 

33.7 

1908 

17.72 

12.52 

70.7 

5.20 

29.3 

1909 

13.12 

8.31 

63.3 

4.81 

36.7 

1910 

15.13 

10.56 

69.8 

4.57 

30.2 

1911 

13.91 

9.18 

66.0 

4.73 

34.0 

1912 

23.09 

16.18 

70.1 

6.91 

29.9 

1918 

24.36 

19.71 

80.9 

4.65 

19.1 

1914 

8.33 

4.95 

59.4 

3.38 

40.6 

1915 

12.09 

8.58 

71.0 

3.51 

29.0 

1916 

19.25 

14.19 

73.7 

5.06 

26.3 

1917 

11.43 

7.41 

64.8 

4.02 

35.2 

1918 

9.42 

6.44 

68.4 

2.98 

31.6 

1919 

11.15 

6.71 

60.2 

4.44 

39.8 

Average 

11.85              7.77              65.6 

4.08 

34.4 

DRAINAGE  AREA  OF  BUCK  CREEK  ABOVE  SPRINGFIELD 

1915 

8.34 

3.92 

47.0 

4.42 

53.0 

1916 

14.75 

6.73 

45.6 

8.02 

54.4 

1917 

10.25 

4.77 

46.5 

5.48 

53.5 

1918 

10.10 

4.64 

45.9 

5.46 

54.1 

1919 

11.04 

4.10 

37.1 

6.94 

62  9 

Average 

10.89 

4.83 

44.3 

6.06 

55  7 

DRAINAGE  AREA  OF  MAD  RIVER  ABOVE  WRIGHT 

1915 

12.03 

6.86 

57.0 

5.17 

43.0 

1916 

19.39 

11.85 

61.1 

7.54 

38  9 

1917 

13.48 

6.75 

50.1 

6.73 

49.9 

1918 

11.09 

5.69 

51.3 

5.40 

48.7 

1919 

12.89 

5  56 

43.1 

7.33 

56.9 

Average 

13.78 

7.34 

53.3 

6.44 

46.7 

DRAINAGE  AREA  OF  STILLWATER  RIVER  ABOVE 

WEST  MILTON 

1915 

12.63 

10.63 

84.2 

2.00 

15.8 

1916 

17.63 

14.30 

81.1 

3  33 

18.9 

1917 

12.33 

8.73 

70.8 

3.60 

29  2 

1918 

13.30 

10.34 

77.7 

2.96 

22.3 

1919 

12.00 

9.48 

79.0 

2.52 

21.0 

Averat^e 13  ^8 

10.70 

78  8 

2  88 

21.2 
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has  but  little  influence  on  runoff.  In  fact  the  surface  slopes  are 
steeper  over  the  Mad  River  drainage  area  where  percolation  is 
great,  than  on  the  Stillwater  where  flood  runoff  predominates. 

Considering  the  Dayton  records  the  surface  flow  is  seen  to 
vary  from  only  1.29  inches  in  1895,  the  year  of  minimum  annual 
runoff,  to  19.71  inches  in  1913,  the  year  of  maximum  annual  run- 
off. The  percentages  of  the  totals  for  these  years  were  34.7  and 
80.9  respectively,  which  are  the  minimum  and  maximum  per- 
centages. The  ground  water  flow  varied  from  2.20  inches  in 
1902,  the  year  in  which  the  rainfall  during  the  storage  period, 
when  practically  all  of  the  percolation  occurs,  was  a  minimum,  to 
6.91  inches  in  1912.  However,  as  previously  mentioned,  the  rec- 
ord for  the  year  1912  is  believed  to  be  too  high.  Probably  the 
value  of  5.78  inches  given  for  the  year  1907  represents  the  true 
maximum  amount.  The  ground  water  flow  was  a  maximum  per- 
centage of  the  total  in  1895,  the  year  of  minimum  surface  and 
minimum  total  runoff;  and  a  minimum  percentage  of  the  total 
in  1913,  the  year  of  maximum  surface  and  maximum  total  runoff. 

The  minimum  and  maximum  values  for  the  other  drainage 
areas  are,  of  course,  very  uncertain  due  to  the  shortness  of  the 
record.  However,  a  study  of  the  averages  of  the  Dayton  records 
for  the  years  1915  to  1919  inclusive,  and  of  those  for  the  entire 
period  of  record,  indicates  that  the  averages  for  the  other  drain- 
age areas  are  not  greatly  in  error. 

The  annual  ground  water  runoff  is  much  less  variable  than 
the  annual  surface  flow,  as  would  be  expected.  The  maximum 
value  of  the  annual  surface  runoff  in  the  Miami  Valley  above 
Dayton,  19.71  inches,  is  about  15.3  times  the  minimum  value, 
while  the  maximum  value  of  the  ground  water  runoff,  using  the 
1912  record,  is  only  about  3.14  times  the  minimum  value. 

MASS   CURVES 

The  hydrology  of  a  drainage  area  may  be  shown  conveniently 
by  means  of  mass  curves.  Such  curves  have  been  drawn  for  the 
Mad  River  Valley  above  Wright  for  the  years  1915  to  1919,  in- 
clusive. They  are  shown  in  figures  35  to  39,  one  year's  records 
being  shown  in  each  figure.  Separate  curves  have  been  drawn  to 
show  the  rainfall,  ground  water  runoff,  flood  runoff,  total  run- 
off, retention,  soil  absorption,  percolation,  and  evaporation.  In 
order  to  avoid  confusion  the  rainfall  curve  was  arbitrarily 
started  at  10  inches  on  the  scale  instead  of  at  0.  Hydrographs 
showing  the  rate  of  discharge  and  the  arbitrary  separation  of 
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FIG.   35.— HYDROLOGY    OF    THE    MAD    RIVER    VALLEY    ABOVE 

WRIGHT  DURING   1915 
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FIG.  36.— HYDROLOGY    OF    THE    MAD    RIVER    VALLEY    ABOVE 

WRIGHT  DURING  1916. 
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FIG.   37.— HYDROLOGY    OF    THE    MAD    RIVER    VALLEY    ABOVB 

WRIGHT  DURING  1917. 
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FIG.   38.— HYDROLOGY    OF    THE    MAD    RIVER    VALLEY    ABOVE 

WRIGHT  DURING  1918. 
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FIG.   39.— HYDROLOGY    OF    THE    MAD    RIVER    VALLEY    ABOVE 

WRIGHT  DURING  1919. 
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flood  runoff  from  ground  water  runoff  are  platted  in  the  upper 
parts  of  the  figures. 

No  explanation  of  the  four  curves  mentioned  first  is  needed. 
They  were  simply  drawn  from  the  rainfall  and  runoff  data  de- 
termined as  previously  described.  The  retention  curve  was  ob- 
tained by  subtracting  the  flood  runoff  from  the  rainfall.  Hori- 
zontal lines  have  been  drawn  under  the  peaks,  or  humps»  on  the 
retention  curves,  thus  indicating  the  surface  storage.  The  larg- 
er humps,  having  a  comparatively  long  duration  and  occurring 
during  the  winter  months,  are  due  to  precipitation  in  the  form 
of  snow.  The  two  larger  humps  due  to  this  cause  have  been 
marked  "snow",  but  the  others  have  not  been  designated.  The 
sharp  peaks  of  comparatively  short  duration  represent  storage 
on  the  ground  or  in  the  stream  channels  during  flood  periods. 
The  retention  curve,  as  modified  by  the  horizontal  lines,  rep- 
resents the  total  of  the  soil  absorption,  percolation,  and  evapora- 
tion curves,  the  ground  water  runoff  being  maintained  by  the 
ground  water  storage  or  percolation  water.  The  lines  under  the 
humps  should  really  have  been  drawn  so  as  to  slope  upward  to- 
ward the  right  instead  of  horizontal,  since  soil  absorption  and 
evaporation  are  continuous,  to  some  extent  at  least,  throughout 
the  storm  period. 

The  soil  absorption  curves,  or  soil  storage  curves  as  they 
might  be  termed,  were  drawn  after  a  careful  study  of  the  Mo- 
raine Park  soil  moisture  records  given  in  chapter  III.  It  was 
assumed  that  there  is  a  variation  of  Ave  inches  in  the  amount  of 
moisture  in  the  soil  during  the  year;  that  the  soil  reaches  its 
dryest  condition  sometime  late  in  the  summer,  during  August 
or  September;  that  it  gradually  fills  with  moisture  in  the  fall, 
during  the  months  of  September,  October,  November,  and  De- 
cember; and  that  it  then  remains  saturated  until  late  in  the 
spring,  when  it  begins  to  dry  out  due  to  transpiration  and  in- 
creased soil  evaporation. 

In  drawing  the  percolation  curves  it  was  assumed  that  no 
percolation  occurs  during  the  summer  or  early  fall  months ;  that 
is,  that  percolation  ceases  about  the  time  the  soil  begins  to  dry 
out  in  the  spring  and  does  not  begin  until  late  in  the  fall,  about 
the  time  the  surface  soil  becomes  saturated.  It  was  also  as- 
sumed that  the  percolation  curve  joins  the  ground  water  runoff 
curve  at  the  time  percolation  begins.  The  former  assumption 
is  believed  to  be  essentially  correct  for  the  Miami  Valley  except 
in  very  unusual  instances.    The  latter  assumption,  while  more 
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or  less  arbitrazy,  does  not  lead  to  appreciable  error.  Of  course 
the  percolation  curves  do  not  need  to  touch  the  ground  water 
runoff  curves  at  the  time  percolation  besrins.  They  could  have 
been  drawn  a  fixed  distance  above,  at  this  time;  that  is,  the 
curves  shown  in  the  figures  could  have  been  arbitrarily  raised 
a  certain  amount. 

By  drawing  the  percolation  curves  in  this  way  the  total  per- 
colation during  a  given  winter  and  spring  was  made  just  great 
enough  to  maintain  the  ground  water  flow  until  percolation  began 
in  the  following  fall  or  winter.  It  is  not  believed  that  in  the 
Miami  Valley  percolation  during  a  given  storage  period  ever 
affects  greatly  the  ground  water  flow  after  percolation  begins  in 
the  succeeding  fall;  or,  in  other  words,  that  the  ground  water 
level  at  the  time  percolation  begins  ever  varies  greatly  from  year 
to  year.  The  minimum  amount  of  annual  ground  water  runoff 
in  the  Miami  Valley  above  Dayton  occurred  in  1902,  following  a 
year  in  which  the  rainfall  was  only  30.1  inches,  or  about  7  inches 
less  than  normal.  In  1914,  when  the  rainfall  was  32.3  inches, 
or  about  6  inches  less  than  normal,  following  a  year  in  which 
the  rainfall  was  42.9  inches,  or  about  6  inches  more  than  normal, 
the  ground  water  runoff  amounted  to  3.38  inches,  or  about  1.18 
inches  more  than  in  1902.  A  part  of  this  1.18  inches  was  prob- 
ably due  to  the  2  inches  greater  rainfall  in  1914.  It  does  not 
seem  probable  that  percolation  during  a  particularly  wet  season 
ever  increases  the  ground  water  runoff  during  the  following  year 
by  as  much  as  an  inch. 

In  drawing  the  percolation  curves  during  the  winter  and 
spring  when  percolation  was  taking  place,  consideration  was 
given  to  the  rainfall  distribution  and  form  of  occurrence  as  well 
as  to  the  temperature  and  other  meteorological  conditions. 

The  evaporation  curves  were  determined  by  subtracting  from 
the  retention  curves,  or  from  the  horizontal  lines  under  the  reten- 
tion curves,  the  sum  of  the  soil  absorption  and  percolation  curves. 
In  doing  this  points  were  taken  about  a  month  apart  as  shown 
on  the  diagrams.  The  attempt  was  to  show  the  general  shape  of 
the  evaporation  curve  throughout  the  year  rather  than  the  daily 
variations.  It  is  only  at  the  points  indicated  that  the  evapora- 
tion is  equal  to  the  retention  less  the  sum  of  the  soil  absorption 
and  percolation.  In  order  for  this  relation  to  hold  throughout  it 
would  be  necessary  to  throw  the  small  irregularities  of  the  re- 
tention curves  into  the  evaporation,  absorption,  or  percolation 
curves.    It  is  probable  that  during  the  summer  and  fall  the  ir- 
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regularities  should  be  thrown  into  the  evaporation  and  absorp- 
tion curves ;  and  that  during  the  winter  and  spring  they  should 
be  thrown  into  the  evaporation  and  percolation  curves.  More 
irregularities  would  be  expected  in  the  evaporation  curve  during 
the  summer  than  during  the  winter.  Data  on  transpiration  and 
soil  evaporation  seems  to  indicate  that  during  the  summer  months 
rates  of  evaporation  as  great  as  a  half  an  inch  a  day,  or  even 
greater,  may  occur  immediately  after  a  heavy  rain.  Such  con- 
ditions would  cause  jumps  in  the  evaporation  curve  somewhat 
similar  to  those  in  the  retention  curve. 

Table  31  gives  the  monthly  evaporation,  taken  from  the 
curves,  for  the  Mad  River  Valley  above  Wright  for  each  year; 
and  also  the  average  amount  for  each  month,  based  on  the  five 
years'  records.    The  average  monthly  evaporation  from  a  water 
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PIG.  40.— MONTHLY  EVAPORATION  IN  THE  MAD  RIVER  VALLEY 

ABOVE  WRIGHT 

For  comparative  purposes  a  curve  has  been  added  showing  the  monthly 
evaporation  from  water  surface  at  Columbus. 


surface  at  Columbus,  for  the  years  1907  and  1908,  for  the  months 
of  April  to  November  is  also  included.*  Figure  40  shows  graph- 
ically the  data  on  average  monthly  evaporation  given  in  table  31. 
It  will  be  noticed  that  the  evaporation  from  a  water  surface  is 


*Water  Resources  of  Illinois  by  A.  H.  Horton,  Report  of  Rivers  and 
Lakes  Commission,  State  of  Illinois,  Springfield,  Illinois,  1914,  page  310. 
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somewhat  higher  than  the  evaporation  from  the  land,  especially 
during  the  fall  months.  The  evaporation  from  the  land  is  com- 
paratively low  during  the  fall  because  the  available  supply  of 
moisture  has  been  depleted  by  the  high  rates  of  transpiration 
and  soil  evaporation  during  the  growing  season. 

Table  31. — Monthly  ETap^ration  on  Drainage  Area  Above  Wright  Station,  in 

inches,  1915  (o  1919,  inclusive 


Month 

Yean 

Averace 

Avera^ 
Evaporation* 

from 
Water  Surface 

191S 

1916 

1917 

1918 

1919 

October .... 
November. . 
December.  . 
January .... 
February . . . 

March 

April 

May 

June 

July 

August 

September . . 

1.04 

.67 

.67 

.55 

.47 

.80 

1.20 

1.70 

5.15 

7.60 

4.15 

2.60 

1.18 

.67 

.60 

.55 

.48 

.85 

1.17 

3  90 

6.30 

4.05 

2.60 

1.90 

.63 

.57 

.55 

.55 

.45 

.75 

1.15 

3.60 

7.20 

5.65 

2.65 

.95 

1.20 

.70 

.53 

.52 

.40 

.60 

1.60 

4.15 

4.30 

5.90 

5.95 

2.15 

.65 

.48 

.42 

.40 

.55 

1.20 

1.50 

3.70 

4.25 

7.70 

4.95 

1.80 

.94 

.60 

.55 

.51 

.47 

.84 

1.32 

3.41 

5.44 

6.18 

4.06 

1.88 

4.58 
2  35 

'"    3^05      ■ 
4.73 
5.99 
6.37 
6.81 
6.11 

Total 

26  60 

24.15 

24.70 

28.00 

27.60 

26.21 

*Based  on  records  taken  at  Columbus,  1907-1908. 


Table  32. — Seasonal  Evaporation  in  Mad  River  Valley  Above  Wright, 

in  Inches 


Seaaon 

Years 

Average 

1915 

1916 

1917 

1918 

1919 

Replenishing  Period 

Storage  Period 

Growine  Period 

2  38 

3.02 

21.20 

2.35 
3.05 

18.75 

1.75 

2.90 

20.05 

2.43 

3  12 

22.45 

1.55 

3.65 

22.40 

2  09 

3.15 

20  97 

Total      

26  60 

24.15 

24  70 

28.00 

27  60    '  26  21    1 

Table  32  gives  the  seasonal  evaporation  for  the  Mad  River 
Valley  calculated  from  the  data  in  table  31.  The  data  indicates 
that,  on  the  average,  about  80  per  cent  of  the  annual  evaporation 
occurs  in  the  growing  period,  during  the  months  of  May  to  Sep- 
tember, inclusive.  This  leaves  only  20  per  cent  for  the  replenish- 
ing and  storage  periods,  or  the  seven  months  from  October  to 
April,  inclusive. 


CHAPTER  VI.— RAINFALL  AND  RUNOFF 

DURING  1913  FLOOD 

The  flood  of  March,  1913,  was  not  only  the  most  severe  of 
which  there  is  record  in  this  valley,  but  as  regards  damage  was 
also  the  greatest  that  has  occurred  in  the  eastern  half  of  the 
United  States  since  the  days  of  first  settlement,  or  since  floods 
flrst  began  to  attract  attention.  A  description  of  this  flood  and 
of  the  damage  it  wrought  has  been  published  in  an  earlier  report.* 

It  was  caused  primarily  by  hard  rains  which  commenced  on 
March  23,  and  continued  with  but  little  interruption  until  the 
27th.  Contributing  factors  were  a  saturated  soil  when  the  rain 
began,  as  a  result  of  previous  rains,  and  low  temperatures  which 
reduced  evaporation  to  insignificant  rates  and  affected  the  per- 
colation of  water  through  the  soil. 

Being  the  maximum  flood  on  record  it  was  necessary,  of 
course,  to  make  detailed  investigations  of  the  rainfall  and  runoflf 
for  use  in  the  design  of  the  flood  prevention  works.  The  hy- 
draulic design  of  the  works  has  been  described  in  volume  VII  of 
the  technical  reports.f  The  results  of  such  studies  were  also 
needed  in  determining  the  benefits  and  damages  resulting  from 
the  construction  of  the  retarding  basins. 

This  chapter  will  give  the  rainfall  and  runoff  date  secured, 
and  will  discuss  the  various  studies  which  were  made  imme- 
diately following  the  flood. 

RAINFALL 

The  daily  rainfall  over  the  Miami  River  drainage  area  dur- 
ing the  storm  of  March,  1913,  is  shown  in  figure  41.  Maps  are 
included  showing  one-inch  isohyetals  for  the  24-hour  periods  end- 
ing at  7  p.  m.  of  March  23,  24,  25,  and  26.  A  map  for  March  27 
has  not  been  reproduced  because  the  precipitation  on  that  day 
amounted  to  only  about  half  an  inch.    Figure  42  shows  the  total 

*The  Miami  Valley  and  the  1913  Flood,  by  Arthur  E.  Morgan,  Chief 
Engineer,  Technical  Reports,  Part  I,  The  Miami  Conservancy  District, 
Dayton,  Ohio,  1917. 

tHydraulics  of  the  Miami  Flood  Control  Project,  by  S.  M.  Woodward, 
Technical  Reports,  Part  VII,  The  Miami  Conservancy  District,  Dayton, 
Ohio,  1920. 
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FIG.  41.— DAILY  RAINFALL  OVER  THE  MIAMI  VALLEY  DURING 

THE  STORM  OP  MARCH,  1913. 
The  amounts  recorded  at  the  various  stations  are  indicated  by  the 
figures  written  after  the  names  of  the  stations. 
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Rainfall,  March  23  to  25inc/. 


Rainfall,  March  23to26lncl.  Rainfall.  Marcii  23  to  27/nc/. 

PIG.  42.— CUMULATED  RAINFALL  OVER  THE  MIAMI  VALLEY  DUR- 
ING  THE   STORM    OF   MARCH,    1913. 
Rainfall  shown  on  each  map  is  the  total  from  the  beginning  of  the 
storm  up  to  7  p.  m.  of  the  second  date  noted  under  the  map. 
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accumulated  precipitation  for  the  periods  ending  at  7  p.  m.  of 
March  24,  25,  26,  and  27. 

The  amounts  of  rainfall  recorded  at  the  various  places  where 
gages  are  maintained  are  shown  by  the  figures  placed  after  the 
names  of  the  stations.  At  the  river  stations,  where  the  rainfall 
is  measured  in  the  morning,  the  amounts  estimated  for  the  24- 
hour  periods  ending  at  7  p.  m.  are  enclosed  in  brackets.* 

Fortunately  there  were  a  number  of  well  distributed  rain 
gages  in  this  part  of  the  Ohio  Valley  in  1913.  Reports  from 
about  50  stations  were  utilized  in  the  preparation  of  figures  41 
and  42,  many  of  which  were  outside  the  area  shown  on  the  maps, 
some  being  in  Indiana  and  Kentucky.  Although  Da3rton  was  the 
only  regular  Weather  Bureau  station  located  within  the  Miami 
Valley  at  that  time,  there  were  several  in  nearby  cities,  as  at 
Cincinnati,  Indianapolis,  Fort  Wayne,  Toledo,  Sandusky,  and 
Columbus.  Only  a  partial  graphical  record  of  rainfall  was  se- 
cured at  Dayton.  Owing  to  the  flooding  of  the  business  section 
of  the  city,  in  which  the  office  is  located,  the  triple  register  could 
not  be  kept  in  operation,  the  clock  stopping  at  4:30  p.  m.  on 
March  25. 

Figure  43  shows  the  distribution  of  the  precipitation,  as  re- 
gards time,  at  the  above  mentioned  regular  stations,  platted  from 
data  published  by  the  U.  S.  Weather  Bureau  in  Bulletin  Z.* 
The  abscissas  represent  time,  and  the  ordinates,  the  amount  of 
rainfall  in  inches  per  hour,  the  amounts  being  shown  by  horizon- 
tal lines  extending  through  the  hours  in  which  they  occurred. 
Since  the  actual  amounts  used  in  platting  the  horizontal  lines 
were  usually  for  one-hour  periods,  the  ordinates,  in  such  cases, 
indicate  the  total  precipitation  for  each  hour  as  well  as  the  rate. 
The  total  rainfall  for  any  length  of  time  at  a  given  station  is 
represented  by  the  area  under  the  portion  of  the  curve  corre- 
sponding to  that  time ;  that  is,  by  the  product  of  the  rate  and  its 
duration. 

Hourly  readings  were  not  available  for  March  27,  or  for 
March  26  at  Fort  Wayne.  The  precipitation  in  the  latter  in- 
stance, and  probably  in  the  former  at  some  stations,  was  in  the 
form  of  snow.  Since  the  precipitation  was  small  in  both  cases 
the  rates  have  been  computed  and  platted  as  having  continued 

♦The  Floods  of  1913  in  the  Rivers  of  the  Ohio  and  Lower  Mississippi 
Valleys,  by  Alfred  J.  Henry.  Meteorologist,  Bulletin  Z,  U.  S.  Weather 
Bureau,  Washington,  D.  C,  1913. 
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FIG.    43.— HOURLY   RAINFALL   AT   STATIONS   NEAR   THE   MIAMI 
VALLEY  DURING  THE  STORM  OF  MARCH,   1913. 

Based  on  graphical  records  at  the  U.  S.  Weather  Bureau  stations. 
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uniformly  throughout  the  24  hours.    The  actual  rainfall  on  the 
27th  probably  ended  by  evening  or  sooner. 

It  will  be  noticed  that  the  rain  seemed  to  occur  in  showers  at 
the  various  stations,  the  showers  being  a  little  more  intense  at 
Cincinnati  and  Dayton  than  at  the  other  cities.  The  times  of  oc- 
currence of  the  principal  showers  at  the  different  places  seem  to 
agree  fairly  well.  C!onsequently,  a  curve  has  been  added  showing 
the  average  hourly  amount  based  on  the  seven  actual  records. 
Although  the  total  precipitation  over  the  Miami  Valley  above 
Dajrton  determined  from  the  isohyetal  map  in  figure  42  amounted 
to  9.60  inches  while  the  total  determined  from  the  curve  in  figure 
43  amounted  to  only  6.40  inches,  this  curve  is  the  only  available 
indication  of  the  rainfall  distribution  above  Dayton. 

It  appears  that  the  rainfall  began  during  the  morning  of  the 
23rd  and  continued  during  the  greater  part  of  the  day,  ending 
at  about  the  time  the  daily  readings  were  being  taken  by  the  co- 
operative observers.  The  average  over  the  Miami  Valley  above 
Dayton  amounted  to  1.20  inches.  The  precipitation  was  heaviest 
in  the  northern  part  of  the  drainage  area.  The  rain  began  again 
about  midnight  and  fell  almost  continuously  throughout  the  24th, 
25th,  and  26th.  On  the  24th  the  total  up  to  7  p.  m.  averaged  2.20 
inches  above  Dayton,  the  greatest  precipitation  occurring  over 
the  headwaters  of  Twin  Creek,  further  south  than  on  the  pre- 
ceding day.  The  greatest  rainfall  occurred  on  the  25th,  averag- 
ing 4.11  inches,  and  registering  a  maximum  of  5.61  inches  at 
Bellefontaine,  about  55  miles  northeast  of  Dayton.  It  was  on 
the  morning  of  this  date  that  the  rivers,  which  had  been  steadily 
rising,  overtopped  the  levees  in  the  principal  cities.  Near  the 
following  midnight  the  highest  stages  were  attained  at  places 
between  Dajrton  and  Hamilton.  On  the  26th  the  average  rain- 
fall amounted  to  1.62  inches;  on  the  27th  it  amounted  to  0.47 
inches.  The  latter  was  of  little  consequence,  however,  as  the 
waters  were  then  everjnvhere  receding  rapidly. 

RUNOFF 

Unfortunately  there  were  only  three  river  gages  in  the  Miami 
Valley  at  the  time  of  the  flood.  These  were  the  gages  maintained 
by  the  U.  S.  Weather  Bureau  at  Piqua  and  Dajrton  and  by  the 
U.  S.  Geological  Survey  at  Hamilton.  Discharge  measurements 
during  flood  stages  had  been  secured  only  at  Hamilton. 

During  the  summer  and  fall  following  the  flood,  extensive 
hydrographic  surveys  were  made  for  the  purpose  of  determining 
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the  maximum  rates  of  discharge  at  various  places  along  the 
streams.  These  surveys  and  the  methods  used  in  calculating  the 
maximum  rates  of  runoff  have  been  described  in  an  earlier  re- 
port.* The  results  obtained  are  shown  on  the  map  in  figure  44. 
At  each  location  where  measurements  were  made  the  quantities 
are  indicated  by  means  of  a  fraction  and  a  quotient.  The  num- 
erator represents  the  maximum  total  rate  of  discharge  in  second 
feet  at  the  given  place;  the  denominator,  the  drainage  area  in 
square  miles  above  that  place;  and  the  quotient,  the  maximum 
rate  of  runoff  in  second  feet  per  square  mile  over  the  given  drain- 
age area.  It  will  be  noticed  that  the  rates  of  runoff  are  unusually 
high  at  all  places.  However,  in  the  case  of  the  smaller  drainage 
areas,  these  rates  continued  for  but  small  fractions  of  a  day. 

Figure  45  shows  the  hydrographs  of  the  1913  flood  at  Piqua, 
Dayton,  and  Hamilton.  These  were  determined  as  accurately 
as  possible  from  the  gage  readings  taken  during  the  flood,  from 
the  maximum  rates  of  discharge  based  on  the  surveys,  and  from 
current  meter  gagings  made  during  subsequent  smaller  floods. 
The  rates  of  runoff  in  inches  per  day  over  the  drainage  areas 
are  platted  as  ordinates,  and  the  times,  as  abscissas.  For  com- 
parative purposes  the  average  curve  of  hourly  rainfall  obtained 
in  figure  43  has  also  been  included. 

It  will  be  noticed  that  the  rates  of  runoff  above  Piqua  were 
lower  than  those  above  Dayton  and  Hamilton,  throughout  the 
entire  flood  period.  The  rates  above  Dayi^n  and  Hamilton  agree 
very  well.  It  is  believed  that  the  reasons  for  the  lower  rates 
of  runoff  above  Piqua  are  the  less  intense  precipitation  above 
that  station,  the  storage  in  the  Loramie  and  Lewistown  reser- 
voirs, which  has  been  estimated  to  be  equivalent  to  a  depth  of 
about  a  quarter  of  an  inch  over  the  total  drainage  area  above 
Piqua,  and  the  somewhat  less  rolling  topography  in  the  upper 
parts  of  the  valley. 

Considering  the  steeply  rising  portions  of  the  hydrographs 
there  seems  to  have  been  a  difference  in  time  of  about  6  hours 
between  the  Piqua  and  Dayton  curves,  and  of  about  8  hours  be- 
tween the  Dajrton  and  Hamilton  curves.  It  will  be  noticed  that 
at  Piqua  the  river  reached  its  crest  at  about  10  o'clock  Tuesday 
morning,  March  25,  and  then  remained  stationary  about  four 
hours.  At  Dajrton,  however,  the  maximum  stage  was  not  reached 
until  about  midnight  Tuesday,  although  the  river  was  within  a 

^Calculation  of  Flow  in  Open  Channels,  by  Ivan  E.  Houk,  Technical 
Reports,  Part  IV,  The  Miami  Conservancy   District,    Dayton,    Ohio,   1918. 
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FIG.  44.— MAXIMUM  RATES  OF  RUNOFF  IN  THE  MIAMI  VALLEY 

DURING   THE   FLOOD   OF   MARCH,   1913. 

The  figures  are  written  opposite  the  places  at  which  measurements 
were  made  subsequent  to  the  flood,  and  give  t^e  runoff  in  second  feet  i>er 
'quare  mile  as  indicated  in  the  lower  right  hand  corner. 
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foot  of  its  highest  stage  at  noon.  At  Hamilton  the  crest  was 
reached  at  about  3  a.  m.  Wednesday,  March  26.  Investigations 
made  within  a  few  weeks  after  the  flood  showed  that  the  Still- 
water River  just  above  Dajrton  reached  its  crest  at  about  noon 
Tuesday;  that  the  Miami  River  above  its  junction  with  the  Still- 
water reached  its  crest  at  about  7  p.  m.  Tuesday  evening;  and 
that  the  Mad  River  above  the  Miami  reached  its  crest  at  about 
midnight  Tuesday.  In  each  case  the  river  remained  practically 
stationary  for  a  few  hours  before  it  began  to  fall.  Consequently 
the  highest  stage  at  Dayton  was  due  to  the  coordination  of  the 
highest  stages  in  the  Upper  Miami  and  Mad  Rivers.  If  the  crest 
in  the  Stillwater  had  been  delayed  a  few  hours  the  stage  at 
Dajrton  would  have  been  higher  than  it  actually  was. 

Owing  to  the  distribution  of  the  most  intense  rainfall  as  re- 
gards drainage  areas  as  well  as  regards  time,  the  highest  stages 
in  the  various  streams  were  caused  by  the  local  runoff  rather 
than  by  the  runoff  from  the  upper  drainage  areas.  No  indica- 
tions of  the  occurrence  of  a  definite  flood  wave  were  found,  ex- 
cept, possibly,  in  the  case  of  Mad  River.  In  this  instance  the 
investigations  seemed  to  indicate  a  difference  in  the  time  of  crest 
of  about  12  hours  between  Springfield  and  Da3rton,  a  distance  of 
about  25  miles.  The  comparatively  slow  movement  of  the  crest 
was  due  to  the  great  amount  of  storage  in  the  valley.  The  Still- 
water River  was  at  its  crest  at  practically  the  same  time  from 
Covington  to  Dayton,  a  distance  of  about  30  miles;  as  was  also 
the  Miami  from  DeGraff  to  Tippecanoe  City  a  distance  of  about 
45  miles. 

RELATION    OF    RUNOFF    TO    RAINFALL 

Reference  to  figure  45  shows  that  while  the  rainfall  curve 
is  comparatively  irregular  the  runoff  curves  are  comparatively 
smooth.  This  is  because  the  runoff  curves  are  for  large  drain- 
age areas,  842  to  3672  square  miles.  In  such  cases  the  irregu- 
larities of  the  rainfall  tend  to  be  eliminated  by  the  effects  of  stor- 
age on  the  ground  and  in  the  numerous  small  tributary  drains, 
as  well  as  by  the  time  required  for  the  runoff  to  reach  the  main 
streams.  The  conditions  may  be  said  to  be  analagous  to  the  op- 
eration of  a  retarding  basin,  the  rainfall  curve  corresponding  to 
the  inflow  to  the  basin,  and  the  runoff  curves,  to  the  outflow.  The 
runoff  curve  for  a  drainage  area  of  a  few  square  miles  would  un- 
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doubtedly  have  shown  irresrularities  corresponding  to  those  in 
the  rainfall  curve. 

It  will  be  noticed  that  considerable  rainfall  occurred  during 
the  first  two  days,  while  in  the  same  period  there  was  compara- 
tively little  runoff.  It  also  appears  that  when  the  rainfall  ceased 
rather  abruptly,  the  runoff  continued  for  several  days  after- 
wards. This  condition  was  due  to  the  surface  storage  mentioned 
above,  the  water  held  by  the  small  depressions  and  irregularities 
in  the  surface  of  the  ground,  as  well  as  in  the  stream  channels, 
draining  out  gradually  after  the  rainfall  ceased. 

In  order  to  consider  properly  the  total  surface  runoff  result- 
ing from  the  rainfall  of  March  23  to  27,  it  is  necessary  to  keep 
in  mind  the  weather  and  ground  conditions  preceding  the  storm. 
January  was  an  unusually  wet  month,  the  total  precipitation, 
which  was  well  distributed  through  the  month,  amounting  to 
over  seven  inches.  February  was  drier  than  usual,  the  rainfall 
totaling  an  inch  less  than  the  normal  of  three  inches  for  that 
month,  and  occurring  mostly  in  the  last  three  days.  March  was 
wet  throughout.  From  the  first  to  the  21st  moderate  rains  were 
recorded  at  all  of  the  gaging  stations  on  about  ten  days.  On  the 
21st  the  precipitation  throughout  the  valley  averaged  nearly  a 
half  an  inch. 

It  is  evident  from  these  conditions  that  at  the  beginning  of 
the  rain  on  March  23  the  ground  was  fully  saturated,  that  the 
ground  water  flow  was  greater  than  usual,  and  that  there  was 
some  surface  runoff  in  the  streams  as  a  result  of  the  precipi^ 
tation  of  March  21.  The  latter  factor  can  be  eliminated  in  the 
determination  of  the  flood  runoff,  caused  by  the  storm  of  March 
23  to  27,  by  totaling  the  runoff  only  to  the  time  when  the  amount 
of  water  in  the  stream  channel  was  the  same  as  when  the  flood 
began.    This  time  was  estimated  to  be  in  the  evening  of  March  31. 

However,  the  effect  of  the  ground  water  flow  must  be  al- 
lowed for  in  a  different  manner,  since  some  runoff  was  being 
maintained  by  underground  storage  during  the  entire  flood 
period.  From  a  study  of  the  daily  discharges  before  and  after 
the  flood  it  is  estimated  that  0.05  of  an  inch  per  day  should  be 
deducted  from  the  total  runoff,  in  order  to  obtain  the  true  sur- 
face, or  flood,  runoff.  As  nearly  as  can  be  determined  this 
amount  would  be  the  same  for  Piqua,  Dajrton,  and  Hamilton. 

Figure  46  shows  mass  curves  of  rainfall,  flood  runoff,  and 
retention  for  the  flood  of  March,  1913.  Rainfall  and  retention 
curves  are  shown  only  for  the  total  drainage  area  above  Dayton ; 
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flood  runoff  curves  are  shown  for  Piqua,  Dayton,  and  Hamilton. 
The  rainfall  curve  was  calculated  from  the  average  curve  shown 
in  flfirure  45,  arbitrarily  raising  the  latter  so  that  the  total  pre- 
cipitation for  each  day  agreed  with  the  value  determined  from 
the  isohyetal  map  in  figure  41.  The  flood  runoff  curves  were 
likewise  calculated  from  the  rate  curves  of  figure  45,  deducting 
the  ground  water  flow  from  the  total,  as  mentioned  above.  The 
retention  curve  is  simply  the  difference  between  the  rainfall 
curve  and  the  Dayton  flood  runoff  curve. 


FIG.    46.— RAINFALL,    RUNOFF,  AND    RETENTION    DURING    THE 

FLOOD  OF  MARCH,  1913. 

Curves  show  total  values  of  the  various  quantities  up  to  any  instant. 

The  retention  represents  soil  absorption,  evaporation,  and 
storage  on  the  ground  and  in  the  streams.  That  soil  absorption 
and  evaporation  were  comparatively  unimportant  during  this 
flood  is  indicated  by  the  fact  that  the  curve  falls  rapidly  after 
the  most  intensa  precipitation  ceased,  reaching  a  value  of  about 
0.84  inches  by  the  evening  of  March  31.    That  this  would  be  true 
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was  indicated,  of  course,  by  the  previous  rainfall  and  weather 
conditions  described  above. 

The  maximum  retention  occurred  at  about  8  a.  m.,  March 
25,  amounting  to  5.50  inches.  If  it  is  estimated  that  the  total 
soil  absorption  and  evaporation  up  to  this  time  had  amounted  to 
a  half  an  inch,  the  storage  on  the  ground  and  in  the  streams 
would  be  about  5  inches.  Of  this  amount  it  is  probable  that  the 
proportion  held  in  the  main  channels  and  in  the  adjacent  over- 
flow sections  was  about  2  inches,  and  the  portion  held  in  the 
small  streams  and  ponds  and  on  the  ground  surface,  about  3 
inches. 

Table  33  gives  the  daily  rainfall  and  flood  runoff  for  each 
day  of  the  flood,  for  Piqua,  Dayton,  and  Hamilton.    The  values 


Table  33. — Daily  Rainfall  and  Rnnoff  Above  Piqna,  Dayton,  and  Hamilton 

Daring  (he  1913  Flood,  in  Inches 


Date 

Piqua 

Dayton 

Hamilton          1 

Rainfall 

Runoff 

Rainfall 

Runoff 

Rainfall 

Runoff 

March  28 

1.67 

1.77 
4.14 
1.60 
0.40 

6.43 

2.43 

1.41 
0.87 
0.64 
0.46 
0.32 
0.29 

l!20 
2.20 
4.11 
1.62 
0.47 

'6!26' 
2.12 
3.20 
1.62 
0.79 
0.46 
0.26 
0.16 

1.00 

2.40 
4.04 
1.62 
0.61 

o.io' 

1.11 

8.30 
1.86 
0.87 
0.47 
0.29 
0.22 

24 

26 

26 

27 

28 

29 

30 

31 

Totals  for  flood 

Ratio  of  runoff  to  rainfall 

Total  retention,  in  inches 

9  38 

6.86 
73.0 
2  f3 

9.60 

8.76 
91.2 
0  84 

9.67 

8.21 
86.8 
1   36 

of  daily  rainfall  were  obtained  from  the  isohyetal  maps  in  figure 
41,  and  the  values  of  daily  runoJfF,  from  the  mass  curves  of  fig- 
ure 46.  The  amounts  are  for  the  24  hours  ending  at  7  p.  m.  in 
all  cases.  Total  quantities  for  the  flood  period  and  ratios  of  total 
runoff  to  total  rainfall  are  given  at  the  bottom  of  the  table. 

It  will  be  noticed  that  the  total  runoff  at  Piqua  was  somewhat 
smaller  than  at  Da3rton  and  Hamilton.  The  total  at  Piqua 
amounted  to  6.85  inches,  or  to  only  about  73  per  cent  of  the  rain- 
fall, while  the  total  at  Dayton  was  8.76  inches,  or  about  91  per 
cent  of  the  rainfall,  and  at  Hamilton,  8.21  inches,  or  about  86 
per  cent  of  the  rainfall.  The  total  amounts  at  Dayton  and  Ham- 
ilton agree  very  well.  The  conditions  believed  to  be  responsible 
for  the  smaller  runoff  above  Piqua  have  already  been  mentioned. 


CHAPTER  VIL— RAINFALL  AND  RUNOFF  DURING 

FLOODS  SINCE  MARCH,   1913 

Since  March,  1913,  only  floods  of  nominal  size  have  occurred 
in  the  Miami  Valley.  During  the  1913  flood,  the  maximum  stage 
at  Dayton  was  29  feet,  or  6  feet  above  the  levees.  The  highest 
water  since  that  time  was  during  the  flood  of  April,  1920,  when 
the  maximum  stage  was  16.2  feet,  or  about  7  feet  below  the 
tops  of  the  levees.  Practically  no  flooding  has  occurred  within 
the  cities  during  this  period  although  farm  lands  near  the  var- 
ious streams  have  been  flooded  several  times.  However,  this 
flooding  generally  occurred  during  the  winter  and  early  spring 
months,  when  but  little  if  any  damage  was  sustained. 

RAINFALL,  RUNOFF,  AND  RETENTION 

DURING  FLOODS 

Table  34  gives  the  total  rainfall,  runoff,  and  retention  in 
inches,  and  the  ratio  of  the  total  runoff  to  the  total  rainfall,  in 
per  cent,  for  the  larger  floods.  The  dates  of  the  storm  periods 
are  given  in  the  table  headings.  The  dates  of  the  flood  periods 
have  not  been  indicated.  In  general,  however,  they  began  shortly 
after  the  storm  rainfall  began  and  continued  from  two  to  five 
days  after  the  rainfall  ceased,  the  exact  time,  of  course,  varying 
with  the  nature  of  the  storm  and  with  the  topography  and  extent 
of  the  drainage  area.  For  comparative  purposes  the  sizes  of  the 
drainage  areas  above  the  various  stations,  have  been  included. 
The  topography  and  geology  of  the  Miami  Valley  have  been  dis- 
cussed briefly  in  chapter  I.  A  map  of  the  valley  showing  the 
gaging  stations  is  given  in  figure  1,  page  17. 

The  values  of  rainfall  included  in  the  table  are  averages  for 
the  drainage  areas,  for  the  entire  storm  periods.  They  were  de- 
termined by  planimeter  measurements  on  isohyetal  maps,  simi- 
lar to  those  in  figures  41  and  42,  pages  178  and  179.  The  values  of 
runoff  represent  the  total  flood  or  surface  runoff  caused  by  the 
indicated  rainfall.  The  runoff  maintained  by  the  ground  water 
storage  has  been  deducted  in  each  case,  as  in  the  determination 
of  the  1913  flood  runoff.    The  values  of  retention  are  simply  the 
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differences  between  the  storm  rainfall  and  the  flood  runoff.  The 
value  for  a  given  storm  includes  the  total  amount  of  moisture 
taken  up  by  the  soil  and  the  total  evaporation  during  the  storm 
period.    Storms  are  arranged  chronologically. 

The  data  for  the  larger  drainage  areas  is  believed  to  be  more 
accurate  than  most  similar  data  which  has  been  published.  The 
valley  is  well  supplied  with  rainfall  stations,  as  shown  in  figure 
1 ;  the  rating  curves  on  the  principal  streams  have  been  well  de- 
veloped; and  the  main  portions  of  the  flood  hydrographs  were 
determined  by  special  readings  taken  every  hour  or  every  two 
hours.  While  the  data  for  the  smaller  areas  is  not  so  accurate, 
it  is  believed  that  with  one  or  two  exceptions  the  errors  are  not 
excessive. 

» 

DESCRIPTIVE   NOTES 

On  account  of  the  condensed  form  in  which  the  data  in  table 
34  is  presented  it  has  not  been  feasible  to  include  descriptive 
notes.  Since  such  notes  are  desirable  in  any  study  of  the  sub- 
ject, they  are  given  in  the  following  paragraphs. 

July  7-8,  1915 

The  rainfall  in  the  Miami  Valley  during  the  storm  of  July 
7  to  8,  1915,  was  most  intense  in  the  evening  of  the  7th,  from 
about  nine  to  about  ten  o'clock.  Practically  the  entire  precipi- 
tation fell  sometime  during  that  evening,  only  a  few  hundredths 
of  an  inch  falling  after  midnight.  Although  a  half  an  inch  fell 
on  the  11th  and  12th,  it  has  not  been  included  in  the  storm  as 
it  caused  no  surface  runoff.  The  most  intense  precipitation  at 
Moraine  Park  has  been  shown  graphically  in  figure  9,  page  80. 

The  soil  moisture  experiments  carried  on  at  Moraine  Park, 
described  in  chapter  III,  show  that  the  soil  was  not  saturated 
when  the  rain  began,  although  some  rain  had  fallen  each  day 
during  the  period  from  July  1  to  5,  inclusive,  and  although  the 
total  precipitation  during  the  month  of  June  had  been  slightly 
greater  than  normal.  In  fact,  observations  made  on  the  8th, 
after  the  rain  had  ceased,  showed  that  even  then  the  soil  was 
not  saturated  to  a  depth  of  6  inches. 

The  streams  began  rising  about  9  p.  m.  of  the  7th.  Highest 
stages  were  recorded  sometime  during  the  8th  in  the  upper  por- 
tions of  the  valley ;  on  the  morning  of  the  9th  at  Da3rton ;  and 
during  the  evening  of  the  8th  at  Hamilton ;  the  crest  at  Hamilton 
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being  caused  by  heavy  runoff  from  the  areas  below  Dasrton.  The 
streams  then  fell  rapidly,  reached  normal  stages  by  the  14th 
in  all  cases. 

Dec.  24,  1915-Jan.  7,  1916 

The  flood  of  the  last  of  December,  1915,  and  the  first  of  Jan- 
uary, 1916,  was  due  to  rain  falling  on  a  partially  melted  accu- 
mulation of  snow.  Precipitation  occurred  nearly  every  day  dur- 
ing the  period  from  December  24  to  January  7.  During  the  last 
of  December  the  temperature  at  Dajrton  varied  from  a  few  de- 
grees below  the  freezing  point  to  a  few  degrees  above,  so  that 
the  precipitation  was  sometimes  snow  and  sometimes  rain. 
Above  Dajrton  the  temperatures  were  slightly  lower.  The  result 
was  that  by  the  end  of  the  month  there  was  an  accumulation  of 
from  6  to  12  inches  of  snow  above  Dayton.  This  was  melted  by 
a  rainfall  of  from  one  to  one  and  a  half  inches  falling  on  January 
1  and  2. 

Some  flood  runoff  occurred  during  the  last  of  December. 
However,  the  main  part  of  the  flood  began  on  the  morning  of 
January  1.  The  highest  stages  were  reached  sometime  during 
the  1st  or  2nd,  at  all  places  except  Hamilton.  At  this  station  the 
crest  occurred  early  in  the  morning  of  the  3rd.  The  surface 
runoff  had  drained  out  completely  by  the  10th. 

The  rainfall  during  November  and  the  first  three  weeks  of 
December  was  not  greatly  different  from  normal;  so  that  the 
ground  was  practically  saturated  when  the  storm  began.  As  no 
cold  waves  had  occurred  up  to  that  time  the  ground  could  not 
have  contained  any  appreciable  amount  of  frost. 


January  10-13,  1916 

The  most  intense  precipitation  during  the  storm  of  January 
10-13,  1916,  occurred  on  the  12th,  although  appreciable  amounts 
fell  on  each  of  the  other  dates.  On  the  10th,  the  first  day  of  the 
storm,  the  average  rainfall  over  the  different  drainage  areas 
varied  from  0.15  inches  in  the  Miami  Valley  above  Piqua,  to  0.37 
inches  in  the  Buck  Creek  Valley.  On  the  11th,  the  amounts  were 
about  the  same  except  that  they  were  slightly  heavier  below  Day- 
ton. On  the  12th,  the  amounts  varied  ^rom  0.51  inches  in  the 
Buck  Creek  Valley  to  1.14  inches  above  Germantown.  The  fol- 
lowing day,  the  last  day  of  the  storm,  the  rainfall  was  compar- 
atively light  below  Dayton.    However,  above  Dayton  it  varied 
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from  an  average  of  0.06  inches  in  the  Stillwater  Valley  to  0.54 
inches  in  the  Buck  Creek  Valley. 

The  precipitation  occurred  as  rain  on  the  10th,  11th,  and  12th, 
but  changed  to  snow  on  the  18th,  as  the  temperature  fell  with 
the  passing  of  the  storm. 

The  streams  began  rising  on  the  11th  and  reached  their  high- 
est stages  on  the  13th.  They  then  fell  rapidly  reaching  normal 
stages  by  the  17th  or  18th. 

The  weather  and  soil  conditions  during  the  last  of  Decem- 
ber, 1915,  and  the  first  few  days  of  January,  1916,  are  indicated 
by  the  description  of  the  preceding  storm.  Comparatively  low 
temperatures  from  January  6  to  8,  inclusive,  froze  the  ground 
to  a  depth  of  from  three  to  five  inches,  as  indicated  by  observa- 
tions at  Moraine  Park.  Consequently,  the  conditions  were  con- 
ducive to  high  rates  of  runoff. 

January  26-31,  1916 

The  storm  of  January  26  to  31,  1916,  followed  close  after  the 
storm  of  January  10  to  13.  The  weather  from  the  13th  to  the 
19th,  inclusive,  was  cold  with  temperatures  as  low  as  3  degrees 
below  zero  at  Dayton.  Consequently  the  soil,  which  had  been 
saturated  by  the  preceding  storm,  froze  to  a  depth  of  several 
inches.  The  weather  warmed  up  on  the  20th,  and  from  a  quar- 
ter to  a  half  an  inch  of  rain  fell  each  day  on  the  20th,  21st,  and 
22nd.    From  the  23rd  to  the  26th  the  weather  was  warm  and  fair. 

Only  a  few  hundredths  of  an  inch  fell  on  the  26th.  On  the 
27th,  28th,  and  29th,  the  precipitation  over  the  different  areas 
varied  from  0.06  to  0.34  inches,  from  0.18  to  0.45  inches,  and 
from  0.38  to  0.69  inches,  respectively.  On  the  30th  and  31st 
the  most  intense  precipitation  occurred.  The  amounts  varied 
from  0.67  inches  above  the  Buck  Creek  station  to  1.57  inches 
above  West  Milton,  on  the  30th;  and  from  0.41  inches  above 
Springfield  to  0.94  inches  above  Lockington,  on  the  31st. 

The  rivers  began  rising  on  the  28th,  reached  their  highest 
stages  on  January  31  and  February  1,  and  then  fell  rapidly  reach- 
ing comparatively  low  stages  by  February  6  in  all  cases.  The 
rate  of  falling  was  increased  somewhat  by  the  comparatively  cold 
weather  which  followed  the  storm. 

March  21-22,  1916 

Practically  all  of  the  rainfall  during  the  storm  of  March  21 
to  22,  1916,  fell  on  the  22nd,  only  a  few  hundredths  of  an  inch 


198  MIAMI  CONSERVANCY  DISTRICT 

falling  on  the  21st.  The  soil  was  saturated  due  to  the  precipita- 
tion of  the  preceding  part  of  the  vdnter  but  was  not  frozen.  Al- 
though some  snow  had  fallen  during  the  earlier  part  of  the 
month,  it  had  all  melted  by  the  21st. 

The  rivers  began  rising  on  the  21st,  reached  their  highest 
stages  on  the  22nd  or  23rd,  and  then  fell  rather  slowly.  The 
flood  runoff  has  been  determined  for  the  period  beginning  on  the 
21st  and  ending  on  the  26th.  Flood  runoff  after  the  26th  was 
not  included  because  the  following  storm  began  on  the  25th.  As 
there  was  still  some  surface  runoff  in  the  streams  on  the  26th, 
caused  by  the  storm  of  the  21st  and  22nd,  the  values  given  in 
the  tables  may  be  slightly  low  for  this  storm  and  slightly  high 
for  the  following  one. 

March  25-28,  1916 

Only  a  few  hundredths  of  an  inch  fell  on  the  25th.  On  the 
26th  the  average  precipitation  for  the  different  drainage  areas 
varied  from  0.28  to  1.07  inches,  the  greater  amounts  falling  in 
the  lower  portions  of  the  valley.  On  the  27th  the  values  varied 
from  0.35  to  1.81  inches,  the  greater  amounts  on  this  date  fall- 
ing on  the  Mad  River  drainage  area.  The  precipitation  on  the 
28th  was  comparatively  small,  the  averages  for  the  various  ba- 
sins varying  from  0.04  to  0.24  inches. 

The  streams  began  rising  again  on  the  26th,  reached  their 
highest  stages  on  the  27th  and  28th,  and  then  fell  rapidly.  By 
April  3  the  surface  runoff  had  entirely  passed  the  city  of  Ham- 
ilton, the  lowest  station  included  in  the  table. 

May  6-7,  1916 

The  entire  precipitation  in  this  storm  fell  during  the  night  of 
May  6  and  7.  Although  a  few  hundredths  of  an  inch  fell  during 
the  period  from  May  10  to  13,  no  surface  runoff  resulted  and  con- 
sequently the  amounts  have  not  been  included  in  the  table. 

The  ground  was  fairly  wet  when  the  rain  began,  due  to  the 
rains  of  April  and  of  May  2,  3,  and  4,  but  was  not  fully  saturated. 
Evaporation  and  transpiration  rates  were  considerably  higher 
than  they  had  been  during  the  preceding  months,  but  had  not 
yet  reached  their  maximum  summer  values. 

The  streams  rose  rapidly,  reaching  their  crest  stages  on  the 
7th  and  8th,  and  then  fell  rapidly.  By  the  13th  the  stage  at  Ham- 
ilton had  fallen  to  a  normal  value. 
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'    January  3-6, 1917 

The  most  intense  precipitation  during  the  storm  of  January 
3  to  6,  1917,  fell  on  the  5th  and  6th.  The  rainfall  on  the  3rd  and 
4th  was  comparatively  li^ht,  amounting  to  only  a  few  hundredths 
of  an  inch  each  day.  On  the  5th  and  6th  the  total  amounts  var- 
ied from  1.67  inches  in  the  Miami  Valley  above  Sidney  and  in 
the  Buck  Creek  Valley  above  Springfield  to  2.12  inches  in  the 
Twin  Creek  Valley  above  Germantown. 

The  soil  was  practically  saturated  when  the  rain  began  and 
was  not  frozen,  although  some  freezing  weather  had  occurred 
during  the  preceding  month.  There  was  no  snow  on  the  ground. 
The  precipitation  during  the  entire  storm  was  in  the  form  of 
rain. 

The  rivers  began  rising  on  the  5th,  reached  their  highest 
stages  on  the  5th  and  6th,  and  then  fell  steadily.  The  total  flood 
runoff  had  passed  Hamilton  by  the  10th. 

March  11-14, 1917 

The  heaviest  rainfall  during  the  storm  of  March  11  to  14, 
1917,  fell  on  the  13th,  the  amounts  on  that  day  varying  from  0.95 
inches  above  the  Wright,  Seven  Mile,  and  Four  Mile  stations, 
to  1.49  inches  above  Pleasant  Hill.  The  rainfall  averaged  about 
a  half  an  inch  throughout  the  valley  on  the  11th,  and  from  0.05 
to  0.37  inches  on  the  12th,  the  heaviest  precipitation  on  the  lat- 
ter date  falling  in  the  southern  part  of  the  valley.  On  the  14th 
the  rainfall  varied  from  0.07  inches  in  the  Mad  River  Valley  to 
0.38  inches  in  the  Seven  Mile  basin. 

The  ground  was  saturated  when  the  rain  began  due  to  the 
precipitation  of  the  preceding  winter.  The  rainfall  was  greater 
than  normal  during  January.  Although  the  precipitation  was 
less  than  normal  during  February  the  meteorological  conditions 
were  not  such  as  to  dry  the  ground  to  any  appreciable  depth. 
Some  rain  fell  in  the  valley  on  each  day  of  March  preceding  the 
storm  except  the  1st,  9th,  and  10th. 

The  rivers  began  rising  on  the  11th,  fell  slightly  on  the  12th, 
and  then  began  rising  again  on  the  13th,  reaching  crest  stages 
on  the  13th  and  14th.  The  flood  runoff  had  passed  Hamilton 
by  the  20th. 

Light  rainfall  occurred  on  the  16th,  17th,  and  18th,  but  no 
surface  runoff  was  caused  and  consequently  the  amounts  have 
not  been  included  in  the  table. 
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June  26-29,  1917 

Only  a  few  hundredths  of  an  inch  fell  on  June  26,  the  first 
day  of  the  storm.  On  the  27th,  the  average  precipitation  on  the 
different  drainage  areas  varied  from  0.48  inches  above  Locking- 
ton  to  1.08  inches  above  Wright.  On  the  28th,  the  amounts  var- 
ied from  0.63  inches  above  Germantown  to  1.13  inches  above 
Springfield.  On  the  29th,  the  rainfall  varied  from  0.03  inches  in 
the  Buck  Creek  Valley  to  0.56  inches  above  Sidney  and  Tadmor. 

The  ground  was  in  ordinary  June  condition,  being  neither 
unusually  dry  nor  unusually  wet.  Although  considerable  pre- 
cipitation had  occurred  during  the  preceding  part  of  the  month  it 
had  been  utilized  by  the  comparatively  high  evaporation  and 
transpiration  rates  which  occur  during  this  part  of  the  year. 

The  streams  began  rising  on  the  28th,  reached  their  highest 
stages  on  the  28th  and  29th,  and  then  fell  slowly.  The  total  sur- 
face runoff  had  passed  Hamilton  by  the  5th. 

Although  some  precipitation  occurred  on  July  2,  no  appre- 
ciable surface  runoff  resulted.  Consequently  the  amounts  have 
not  been  included  in  the  table. 

July  12-17,  1917 

The  storm  of  July  12  to  17,  1917,  followed  close  after  the 
preceding  described  storm.  The  rainfall  on  July  12  varied  from 
0.22  inches  above  Germantown  to  0.88  inches  above  Sidney.  On 
the  13th  the  amounts  varied  from  0.17  inches  above  Sidney  to 
0.47  inches  above  Pleasant  Hill.  On  the  14th,  the  day  of  heav- 
iest precipitation,  the  amounts  varied  from  0.65  inches  in  the 
Four  Mile  Creek  Valley  to  1.72  inches  above  Sidney.  On  the  15th 
the  precipitation  was  comparatively  light,  the  amounts  being 
less  than  a  quarter  of  an  inch  except  in  the  upper  Miami  Valley 
where  they  varied  from  0.29  inches  above  Tadmor  to  0.39  inches 
above  Lockington.  The  rainfall  was  light  throughout  the  valley 
on  the  16th.  On  the  17th,  the  last  day  of  the  storm,  the  amounts 
varied  from  0.11  inches  above  Lockington  to  1.17  inches  in  the 
Four  Mile  Creek  basin.  The  ground  was  fairly  wet  when  the 
rain  began,  due  to  previous  rainfall,  but  was  not  saturated. 

The  rivers  began  rising  on  the  13th,  reached  their  maximum 
stages  on  the  14th  and  15th,  and  then  fell  slowly.  The  total  flood 
runoff  had  passed  Hamilton  by  the  22nd. 

Dec.  28, 1917,  to  Feb.  IS,  1918 

The  flood  of  February,  1918,  was  caused  almost  entirely  by 
melting  snow.    The  winter  of  1917  and  1918  was  noted  for  its 
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severity.  The  occurrence  of  heavy  snows  and  severe  cold  waves 
began  early  in  December.  The  greater  part  of  the  precipitation 
between  December  3  and  February  11  occurred  as  snow,  the 
temperature  being  below  freezing  the  greater  part  of  the  time, 
sometimes  several  degrees  below  zero. 

The  ground  froze  to  a  depth  of  a  few  inches  during  the  cold 
period  from  December  6  to  18,  but  thawed  out  and  became  sat- 
urated during  the  warmer  period  from  the  19th  to  the  27th. 
The  snows  of  the  early  part  of  December  melted  during  the 
latter  period,  the  melting  being  hastened  somewhat  by  light 
rainfall  occurring  on  the  23rd,  24th,  and  25th.  The  ground  then 
froze  again,  due  to  colder  weather,  and  remained  frozen  until 
the  thawing  period  of  February. 

During  the  period  from  December  28  to  January  3,  inclusive, 
the  snowfall  throughout  the  valley  was  equivalent  to  about  0.65 
inches  of  rain.  This  snow  was  partially  melted  by  a  rainfall  of 
about  an  inch  occurring  during  the  period  from  the  5th  to  the 
8th.  Freezing  weather  began  again,  however,  before  much  sur- 
face runoff  could  occur.  From  January  11  to  February  6  the 
snowfall  was  equivalent  to  about  2  inches  of  rain.  The  actual 
amounts  varied  from  1.60  inches  above  Lockington  to  2.58  inches 
above  the  Four  Mile  Creek  station.  From  February  7  to  15 
the  precipitation  amounted  to  about  a  half  an  inch  throughout 
the  valley.  This  was  in  the  form  of  rain  and  was  distributed 
over  several  days  time. 

Small  rises  occurred  In  January.  However,  the  principal 
flood  runoff  began  February  9.  The  streams  rose  rather  ir- 
regularly reaching  their  highest  stages  on  the  12th  or  13th.  Ice 
jams  occurred  in  many  places.  The  flood  runoff  had  drained 
out  by  the  18th. 

May  11-13,  1918 

The  most  intense  precipitation  during  the  storm  of  May  11 
to  13,  1918,  fell  on  the  12th  and  13th,  less  than  a  half  an  inch 
falling  on  the  11th.  The  soil  was  in  ordinary  May  condition 
when  the  rain  began.  It  was  not  saturated  although  the  pre- 
cipitation during  the  preceding  month  had  been  greater  than 
normal.  , 

The  streams  began  rising  on  the  12th,  and  reached  their 
highest  stages  on  the  13th.  They  then  fell  rather  uniformly, 
reaching  normal  stages  by  the  18th  or  19th. 
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August  25-31, 1918 

The  precipitation  during  the  storm  of  Auguiit  25  to  31  was 
heaviest  in  the  Mad  River  Valley  although  heavy  rainfall  oc- 
curred throughout  the  Miami  River  drainage  area.  Only  a  few 
hundredths  of  an  inch  fell  on  the  25th.  However,  the  rest  of 
the  precipitation  was  distributed  rather  uniformly  throughout 
the  remainder  of  the  storm  period. 

The  soil  was  neither  unusually  dry  nor  unusually  wet  when 
the  rain  began.  The  streams  in  the  Mad  River  Valley  began 
rising  on  the  30th  and  reached  crest  stages  on  the  30th  or  31st. 
But  little,  if  any,  flood  runoff  occurred  in  the  other  portions 
of  the  valley.  By  September  3  the  total  surface  runoff  had 
passed  Hamilton. 

March  14-19, 1919 

Although  the  precipitation  during  February  and  the  first 
part  of  March  had  been  less  than  normal,  the  ground  was  prac- 
tically saturated  when  the  storm  of  March  14  to  19,  1919,  began. 
The  precipitation  on  the  14th  was  comparatively  light,  amount- 
ing to  only  a  few  hundredths  of  an  inch.  The  heaviest  rainfall 
of  the  storm  occurred  on  the  15th.  The  total  precipitation  on  the 
14th  and  15th,  up  to  7  p.m.,  of  the  latter  date,  varied  from  1.15 
inches  above  Sidney  to  2.47  inches  above  the  Four  Mile  Creek 
station.  On  the  following  day  the  rainfall  was  not  quite  so 
intense,  the  amounts  varying  from  0.77  inches  in  the  Buck  Creek 
Valley  to  1.54  inches  in  the  Twin  Creek  Valley.  On  the  17th 
and  18th  the  rainfall  was  nearly  uniform  throughout  the  Miami 
Valley,  the  total  amounting  to  about  0.75  inches  on  the  17th,  and 
to  about  0.25  inches  on  the  18th.  Only  a  few  hundreds  of  an 
inch  fell  on  the  19th.  The  intensities  at  Moraine  Park  on  the 
15th,  16th,  and  17th,  are  shown  in  figure  10,  page  81. 

The  rivers  began  rising  on  the  15th,  reached  their  crest 
stages  on  the  16th  and  17th,  and  then  fell  uniformly,  reaching 
normal  stages  in  all  parts  of  the  valley  by  the  24th. 

April  15-21, 19^ 

The  storm  of  April  15  to  21,  1920,  caused  the  highest  stage 
that  has  occurred  at  Dayton  since  the  great  flood  of  March, 
1913.  Only  a  few  hundredths  of  an  inch  fell  on  the  15th.  On 
the  16th  the  precipitation  was  considerably  heavier.  The  total 
amounts  for  the  15th  and  16th  varied  from  0.83  inches  in  the 
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Seven  Mile  Valley  to  1.92  inches  above  Sidney.  Averages  vary- 
ing from  0.25  to  0.50  inches  per  day  over  the  valley  fell  on  the 
17th,  18th,  and  19th.  On  the  20th  and  21st  the  precipitation 
was  again  heavy,  the  daily  amounts  varying  from  about  a  half 
an  inch  to  about  2  inches  in  the  different  parts  of  the  valley. 
The  rainfall  was  slightly  greater  on  the  20th  than  on  the  21st 
except  in  the  Mad  River  Valley. 

The  ground  was  nearly  saturated  when  the  rain  began,  due 
to  rains  of  March  and  the  early  part  of  April. 

The  rivers  began  rising  on  the  16th,  fell  on  the  17th,  18th, 
and  19th,  and  then  rose  rapidly  on  the  20th,  reaching  crest  stages 
on  the  20th  and  21st.  They  then  fell  rapidly,  reaching  normal 
stages  throughout  the  valley  by  the  28th. 

TOTAL  RETENTION 

A  study  of  the  data  in  table  34  shows  that  during  similar 
storms  the  total  retention  is  generally  greater  in  the  Mad  River 
drainage  area  than  in  the  other  portions  of  the  Miami  Valley. 
For  instance,  during  the  storm  of  December  24,  1915,  to  January 
7,  1916,  the  total  retention  above  Springfield,  resulting  from  a 
precipitation  of  3.65  inches,  amounted  to  2.70  inches;  while  in 
the  Stillwater  Valley  above  West  Milton  the  retention,  due  to  a 
precipitation  of  3.99  inches,  was  only  1.00  inch.  In  the  Miami 
Valley  above  Tadmor  the  retention  caused  by  a  precipitation 
of  3.89  inches  amounted  to  1.01  inches,  or  practically  the  same 
as  in  the  Stillwater  Valley.  Other  storms  show  similar  condi- 
tions, although  the  differences  are  not  always  so  great.  The 
total  retention  in  the  Buck  Creek  Valley  is  generally  a  little 
greater  than  in  the  other  parts  of  the  Mad  River  drainage  area. 

As  explained  in  chapter  V,  the  relatively  high  retention  in 
the  Mad  River  Valley  is  due  to  the  comparatively  loose  and  shal- 
low surface  soil,  underlain  by  extensive  deposits  of  gravel. 

The  tptal  retention  during  the  summer  storms  seems  to  be 
much  greater  than  during  similar  winter  storms,  as  would,  of 
course,  be  expected,  due  to  the  relatively  higher  rates  of  evap- 
oration and  soil  absorption  and  the  greater  amounts  of  avail- 
able surface  and  soil  storage  during  the  summer.  This  is  well 
shown  by  a  comparison  of  the  storms  of  August  25  to  31,  1918, 
and  April  15  to  21,  1920.  These  storms  were  very  similar  as 
regards  duration  and  intensity.  The  total  precipitation  during 
the  August  storm  was  somewhat  smaller  than  during  the  April 
storm,  especially  in  the  Stillwater  and  Upper  Miami  Valleys. 
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However,  in  spite  of  the  smaller  rainfall,  the  retention  during 
the  AufiTUst  storm  was  greater  than  during  the  September  storm 
in  every  catchment  area,  the  differences  varying  from  0.50  inches 
above  Germantown  to  2.61  inches  above  the  Four  Mile  Creek 
station  in  all  instances  except  Buck  Creek.  In  this  case  the 
difference  was  only  0.05  inches. 

The  negative  values  of  total  retention  obtained  for  the  Seven 
Mile  and  Four  Mile  Creek  valleys  for  the  storms  of  January 
10  to  13  and  26  to  31,  1916,  are  probably  in  error.  This  may  be 
due  to  either  or  both  of  two  causes.  The  runoff  may  be  too 
large  due  to  the  difficulties  encountered  in  securing  accurate 
records  on  a  flashy  stream  of  this  nature ;  or  the  rainfall  may  be 
too  small  due  to  the  occurrence  of  heavy  showers  between  rain 
gaging  stations.  It  is  believed  that  the  latter  reason  accounts 
for  the  greater  parts  of  the  discrepancies.  For  similar  reasons 
some  of  the  data  for  the  smaller  drainage  areas  for  other  storms 
may  be  in  error. 

As  before  mentioned  the  total  retention  for  a  given  storm 
period  represents  the  total  quantity  of  water  taken  up  by  the 
soil  plus  the  total  quantity  evaporated.  Rates  of  soil  absorption 
and  evaporation  both  vary  widely  due  to  variations  in  meteoro- 
logical, topographical,  and  geological  conditions.  Consequently 
it  does  not  seem  feasible  to  estimate  the  value  of  each  comi>onent 
during  the  various  storms  given  in  table  34. 

Soil  absorption  and  evaporation  are  both  relatively  high  in 
the  summer  and  relatively  low  in  the  winter.  The  former  is 
probably  greater  if  the  rainfall  is  steady,  than  it  is  if  the  rain 
falls  in  separate  intense  showers.  The  latter  is  greater  when 
the  rain  falls  intermittently,  especially  if  the  showers  are  sep- 
arated by  intervals  of  warm  windy  weather.  In  the  case  of 
forested  areas  appreciable  amounts  of  the  precipitation  are  in- 
tercepted by  the  foliage  of  the  trees  and  are  evaporated  after 
the  rain  ceases  without  ever  having  reached  the  ground. 

While  the  areas  covered  by  forests  in  the  Miami  Valley  are 
relatively  small  some  data  on  interception  has  been  secured. 
During  the  summer  and  fall  of  1919  two  rain  gages  were  main- 
tained by  the  writer  at  his  residence.  One  was  located  in  the 
open  and  the  other  under  a  hackberry  tree,  about  forty  feet  high, 
about  midway  between  the  trunk  and  the  outer  edge  of  the  foli- 
age.   The  data  secured  is  given  in  full  in  table  35. 

It  will  be  noticed  that  the  quantities  intercepted  vary  consid- 
erably.   During  slow  steady  rains  from  0.10  to  0.15  inches  are 
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intercepted.  If  the  precipitation  occurs  as  showers,  separated  by 
clear,  windy  intervals,  the  quantities  intercepted  are  consider- 
ably higher,  due  to  the  evaporation  between  showers. 

MAXIMUM  VALUES  OF  RETENTION 

Table  36  gives  the  maximum  values  of  retention,  in  inches, 
during  a  few  of  the  larger  storms.  The  quantities  were  obtained 
from  mass  curves  of  rainfall  and  runoff  similar  to  those  shown 
in  figure  46.  They  are  not  as  definitely  determined  as  they 
would  have  been  if  data  on  hourly  rainfall  had  been  available. 
Except  in  a  few  instances  the  rainfall  data  was  limited  to  daily 
amounts.  Had  more  exact  information  been  at  hand  the  values 
of  maximum  retention  would  probably  have  been  increased 
slightly. 


Table  36. — Maximum  Retention,  in  Inches, 

Curing  Various  Floods 

Gaging  Station 

Dates  of  Storms 

1915 

January 

10-18 

1916 

January 

26-31 

1916 

March 

21-22 

1916 

March 

26-28 

1916 

March 

14-19 

1919 

Sidney 

1.94 

1.20 
1.03 

1.12 
1.30 

1.41 
1.30 
1.68 

1.91 

1.15 
0.71 
1.07 
1.13 

1.17 

0.60 
1.13 
1.31 

2.13 

1.63 

1.91 

2.30 

1.81 

1.59 

2.60 

2.24 

2.29 

2.261 

2.33i 

2.19 

2.55 

2.49f 

2.45*'| 

Lockington 

Piqua 

2.04 
2.08 

Tadmor 

Pleasant  Hill 

West  Milton 

Buck  Creek 

Springfield 

Wright 

Dayton 

Franklin 

2.88 
1.95 
2.02 
2.09 
2.28 

1.60 
1.15 
1.25 
1.28 
1.36 

1.89 
1.42 
1.38 
1.66 
1.93 

0.65 
0.79 
0.92 
0.87 
0.94 
0.96 

* 
0.78 

1.01 
1.51 
1.64 
1.80 
1.46 
1.47 
1.36 
1.24 
1.34 
1.43 

Germantown 

Seven  Mile 

Four  Mile 

Hamilton 

2.96 
2.68 
2.16 
2.32 

1.38 
0.97 
0.59 
1.40 

1.51 
0.64 
0.96 

1.87 

*No  flood  runoff. 

The  maximum  retention  occurred  sometime  prior  to  the  oc- 
currence of  the  crest  stages.  In  the  case  of  the  July,  1915,  storm 
they  occurred  about  the  time  the  rain  ceased.  Since  practically 
the  entire  rainfall  fell  in  about  an  hour  in  this  instance,  the 
maximum  values  of  retention  are  nearly  as  great  as  the  total 
precipitation.  Other  conditions  being  the  same  the  values  tend 
to  be  lower  on  the  smaller  drainage  areas  due  to  the  compara- 
tively short  time  required  for  the  runoff  to  reach  the  gaging 
sections. 

The  maximum  value  of  retention,  being  the  maximum  dif- 
ference between  the  mass  curves  of  rainfall  and  runoff,  repre- 
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sents  the  accumulated  soil  absorption  plus  the  accumulated  evap- 
oration plus  the  actual  quantity  of  water  held  on  the  ground  or 
in  the  streams  at  the  time  the  maximum  retention  occurs.  The 
accumulated  soil  absorption  plus  the  accumulated  evaporation 
cannot  be  definitely  determined  except  for  the  entire  flood  per- 
iod. However,  it  is  possible,  by  a  proper  consideration  of  the 
duration  of  the  storm  and  of  the  time  of  occurrence  of  the  maxi- 
mum retention,  to  estimate  the  proportion  of  the  total  absorp- 
tion and  evaporation  which  has  occurred  up  to  the  time  of  the 
maximum  retention.  These  estimated  quantities  may  theiy  be 
deducted  from  the  values  of  maximum  retention,  thus  obtaining 
estimated  values  of  the  maximum  quantities  stored  on  the  ground 
surface  and  in  the  streams. 

Table  37  gives  the  estimated  values  of  accumulated  soil  ab- 
sorption and  evaporation  at  the  time  of  the  maximum  retention, 
and  also  the  resulting  estimates  of  maximum  surface  storage,  for 
the  storms  included  in  table  36. 

The  volumes  of  water  stored  in  the  channels  of  the  streams 
may  l^  directly  calculated  whenever  data  is  available  regarding 
water  levels,  area  of  cross  sections,  and  distances.  Table  38 
gives  the  maximum  volumes  stored  in  certain  lengths  of  the 
principal  streams  of  the  Miami  Valley  during  the  floods  of  July, 
1917,  March,  1919,  and  March,  1913,  calculated  in  this  manner. 

The  flood  of  July,  1917,  was  a  comparatively  small  freshet, 
not  exceeding  the  channel  capacity  at  any  place  in  the  valley. 
The  maximum  rates  of  discharge  were  only  from  5  to  8  per  cent 
of  the  maximum  rates  which  occurred  during  the  1913  flood. 
The  flood  of  March,  1919,  was  somewhat  larger.  It  caused 
some  overflow  in  practically  all  parts  of  the  valley  outside  the 
cities.  The  maximum  rates  of  discharge  in  this  case  were  from 
10  to  20  per  cent  of  the  maximum  1913  rates. 

The  volumes  given  for  the  March,  1919,  flood  do  not  include 
the  storage  on  the  overflowed  lands  outside  of  the  main  chan- 
nels. However,  the  volumes  given  for  the  March,  1913,  flood  do 
include  such  storage.  In  the  latter  instance  the  volumes  on  the 
overflowed  areas  were  much  larger  than  the  volumes  within 
the  channels  themselves.  . 

Reference  to  table  38  shows  that  the  quantities  held  in  the 
main  channels  during  the  floods  of  July,  1917,  and  March,  1919, 
were  relatively  small.  Since  these  quantities  represent  the  stor- 
age in  the  channels  when  the  crest  stages  occurred,  the  quantities 
in  the  channels  when  the  maximum  surface  storage  took  place 
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must  have  been  still  smaller.  A  study  of  the  data  in  table 
37  and  38  shows  that  the  greater  parts  of  the  maximum  surface 
storage  during  the  floods  included  in  table  37  must  have  been 
on  the  ground^  in  the  small  pools  and  depressions,  and  in  the 
channels  of  the  smaller  tributary  streams,  rather  than  in  the 
main  channels. 

RATES  OF  RAINFALL  AND  RUNOFF 

Table  39  gives  the  maximum  daily  rates  of  rainfall  and 
runoff  in  inches  over  the  drainage  areas,  and  the  absolute  max- 
imum rate  of  runoff,  in  inches  per  24  hours,  for  the  greater 
number  of  the  storms  included  in  table  34.  The  greatest  24- 
hour  runoff  is  not  the  maximum  amount  calculated  for  the  24 
hours  ending  at  7  p.m.,  but  is  the  amount  for  the  24  hours  in 
which  the  greatest  runoff  occurred.     It  was  obtained  graphi- 


Table  38. — Storage  in  River  Channels  During  Various  Floods 


River 

1 

Length 

Drainage 

Square 
MUee 

Storage  in  Inches 
Flood  of 

1 

July 
1917 

March 
1919 

March 
1918 

Stillwater 

Miami 

Pleasant  Hill  to  Dayton . . 
Loramie  Creek  to  Dayton. 

Springfield  to  Dayton 

Dayton  to  Hamilton 

\  above  Dayton 

1  above  Hamilton 

674 
1162 

689 
3672 

2525 
8672 

0.16 
0.17 
0.07 
0.14 

0.14 
0  24 

0.33 
0.21 
0.09 
0.22 

0.21 
0.36 

1.48 
1.64 
1.79 
1.19 

1.64 
2  31 

Mad 

Miami 

Total  of  3  lengths 
Total  of  4  lengthE 

*Total  above  lower  end  of  length. 

cally  after  the  hydrographs  had  been  platted.  However,  the 
maximum  24-hour  rainfall  is  the  maximum  for  the  24  hours 
ending  at  7  a.m.  or  7  p.m.,  generally  the  latter,  rather  than  the 
actual  maximum.  The  available  rainfall  data  was  not  sufficient 
to  determine  the  true  24-hour  maximum.  The  ratio  of  the 
greatest  daily  runoff  to  the  greatest  daily  rainfall,  in  per  cent, 
is  also  included. 

It  will  be  noticed  that  no  very  unusual  24-hour  rainfalls 
have  ocurred  during  the  period  covered  by  the  table.  With  the 
exception  of  the  summer  storms  of  July,  1915,  and  May,  1916,  the 
quantities  seldom  amount  to  as  much  as  two  inches.  The  run- 
off during  the  summer  storms  was  relatively  less  than  during 
the  winter  storms  as  already    mentioned.      Consequently    the 
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values  of  the  24-hour  runoff  are  not  unusually  large.  On  the 
larger  drainage  areas  they  do  not  materially  exceed  an  inch.  On 
the  smaller  areas  they  seldom  amount  to  more  than  an  inch 
and  a  half.  The  ratios  of  the  24-hour  runoff  to  the  24-hour 
rainfall,  of  course,  vary  widely,  owing  to  the  different  charac- 
teristics of  the  storms  as  well  as  to  the  different  soil  and  surface 
conditions. 

The  maximum  rates  of  runoff  in  inches  per  day  are,  of 
course,  somewhat  larger  than  the  average  rates  for  the  24-hour 
periods.  On  the  larger  areas  they  sometimes  amount  to  about 
an  inch  and  a  half.  On  the  smaller  areas  they  occasionally  amount 
to  from  three  to  four  inches. 

Table  40  gives  the  ratios,  in  per  cent,  of  the  maximum  24- 
hour  rates  of  discharge  to  the  absolute  maximum  rates,  for 
various  floods.  In  order  to  conform  with  the  arrangement  in 
table  34,  the  storm  dates  have  been  given  rather  than  the  flood 
dates.  Data  for  the  flood  of  February,  1918,  which  was  causea 
by  melting  snow,  has  not  been  included  since  the  hydrographs 
were  very  erratic  due  to  ice  jams. 

The  values  for  a  given  station  vary  considerably,  as  would 
be  expected,  due  principally  to  the  different  durations  of  the 
most  intense  precipitation.  For  the  storms  where  practically 
the  entire  precipitation  fell  in  one  day,  such  as  those  of  July 
7  to  8,  1915,  and  May  6  to  7,  1916,  the  values  are  generally 
smaller  than  where  the  heavy  rainfall  continued  through  two 
or  more  days,  as  in  the  storms  of  January  26  to  31,  1916,  and 
March  14  to  19,  1919.  The  values  are,  of  course,  generally 
smaller  for  the  smaller  drainage  areas. 


CHAPTER  VIIL— FLOOD   FORECASTING 

One  of  the  outgrowths  of  the  rainfall  and  runoff  investiga- 
tions described  in  the  preceding  chapters  has  been  the  develop- 
ment of  the  flood  forecasting  system  now  maintained  by  the  Mi- 
ami Conservancy  District.  Steps  toward  the  inauguration  of  this 
system  were  taken  during  the  summer  of  1916,  following  the 
freshets  of  January,  February,  March,  and  May  of  that  year. 
It  was  recognized  then  that  such  a  system  would  be  a  necessity 
during  the  coming  construction  period,  and  that  the  prelimin- 
ary steps  should  be  taken  at  once  in  order  that  by  the  time  con- 
struction began  a  thoroughly  established  information  service 
might  be  available  to  the  contractors  as  one  of  the  assets  of  the 
job. 

Although  the  United  States  Weather  Bureau  was  maintain- 
ing a  flood  warning  service  in  the  Miami  Valley  at  that  time, 
which  it  had  inaugurated  several  years  before,  their  forecasts 
were  limited  to  rises  in  which  flood  stages  were  reached  or  ex- 
ceeded. Such  a  service  was,  of  course,  wholly  inadequate  for  the 
purposes  of  the  District.  Inasmuch  as  it  would  be  necessary 
to  locate  the  construction  equipment  to  a  considerable  extent  in 
the  valleys  along  the  river  channels,  or  actually  within  the  chan- 
nels, where  sudden  rises  of  only  two  or  three  feet  might  cause 
considerable  damage,  it  was  felt  that  an  independent  system 
should  be  developed  by  which  the  necessary  forecasts  could  be 
made  and  issued  without  the  interposition  of  a  third  party  at 
critical  times.  The  necessity  of  adopting  such  a  course  became 
still  more  evident  when  it  was  considered  that  in  several  in- 
stances the  construction  work  would  be  located  at  places 
where  only  four  to  six  hours  elapse  between  the  occurrence  of 
the  most  intense  rainfall  and  the  maximum  stages. 

It  should  be  stated  here  that  the  most  hearty  cooperation  has 
always  existed  between  the  officials  of  the  Weather  Bureau  and 
of  the  Conservancy  District  and  that  this  cooperation  has  re- 
sulted in  a  considerable  saving  in  expense  to  both  parties.  More- 
over, the  agreement  and  accuracy  of  the  forecasts  issued  from 
the  two  sources  during  critical  times  has  resulted  in  a  feeling  of 
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confidence  and  security  on  the  part  of  the  people  throughout  the 
entire  valley. 

THE  PRESENT  SERVICE 

At  the  present  time  forecasts  of  crest  stages  and  the  times 
of  their  occurrence  are  being  made  for  the  five  dams  and  for 
all  of  the  principal  cities  along  the  Miami  River  below  Sidney. 
In  the  case  of  the  dams  and  of  the  cities  where  construction  work 
is  being  carried  on  in  the  river  channels,  forecasts  are  made  for 
rises  of  all  magnitude,  even  as  small  as  one  or  two  feet.  For 
the  other  places  forecasts  are  made  only  when  the  rises  are  great 
enough  to  cause  some  damage  or  to  cause  apprehension  on  the 
part  of  the  public.  However,  complete  information  regarding 
river  conditions  is  always  available  at  the  headquarters  office 
for  all  places,  even  though  the  magnitude  of  the  rise  is  negli- 
gible. 

Warnings  are  issued  to  the  construction  engineers  or  con- 
tractors at  the  various  places,  or  to  other  interested  parties. 
During  critical  times  bulletins  regarding  river  conditions  are 
issued  to  the  public  through  the  local  newspapers  or  by  posting 
in  conspicuous  places.  Information  is  also  widely  distributed 
by  telephone.  Operators  are  kept  on  duty  during  the  entire  night 
so  as  to  furnish  desired  information  at  any  time.  During  one 
freshet  two  operators  were  kept  busy  answering  such  inquiries 
from  early  morning  until  midnight.  These  inquiries  come  not 
only  from  the  residents  of  Dayton  but  also  from  residents  of 
practically  all  parts  of  the  valley,  from  Sidney  on  the  north  to  the 
Ohio  River  on  the  south. 

During  long  continued  storms  it  is  necessary  to  issue  several 
forecasts.  Final  estimates  of  maximum  stages  to  be  attained 
cannot  be  made  until  the  most  intense  precipitation  has  occurred 
and  the  weather  conditions  are  such  that  no  additional  heavy 
rainfall  is  expected.  At  such  times  the  preliminary  forecasts 
are  based'  on  the  total  rainfall  occurring  up  to  the  time  the 
forecasts  are  made.  These  are  issued  with  the  information  that 
the  rain  is  expected  to  continue  and  that  the  forecasted  stages 
will  be  exceeded  by  amounts  depending  on  the  amount  of  the 
subsequent  rainfall.  For  weather  forecasts  the  officials  of  the 
District  rely  entirely  o  nthe  work  of  the  U.  S.  Weather  Bureau. 
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REPORTS  BEING  SECURED 

In  order  to  maintain  the  above  described  service  it  is»  of 
course,  necessary  to  receive  numerous  reports  from  all  parts  of 
the  valley.  Cooperative  arrangements  were  made  with  the  U. 
S.  Weather  Bureau  in  June,  1916,  by  which  special  rainfall  and 
river  reports  from  their  observers  are  secured  at  the  head- 
quarters office  of  the  District  during  storm  periods,  as  well  as  at 
the  local  office  of  the  Weather  Bureau.  Special  reports  at  such 
times  are  also  secured  from  the  greater  number  of  the  stations 
maintained  by  the  Miami  Conservancy  District.  These  reports 
are  made  by  telephone  or  telegraph  whenever  0.70  of  an  inch  of 
rain  falls  in  24  hours  or  less,  or  whenever  there  is  a  sudden  rise 
of  three  or  more  feet  in  the  river  stage.  A  confirmation  of  each 
report  is  made  by  mail  as  soon  as  the  message  has  been  tele- 
graphed or  telephoned. 

The  gaging  stations  in  the  Miami  Valley  are  shown  in  figure 
1,  page  17.  Reports  are  received  from  all  of  the  combined  river 
and  rainfall  stations,  from  all  but  one  or  two  of  the  rainfall 
stations,  and  from  nearly  all  of  the  river  stations  located  above 
Hamilton.  While  it  may  appear  to  the  reader  at  first  that  re- 
ports from  so  many  stations  are  not  necessary,  it  must  be  re- 
membered that  reports  from  all  stations  at  the  proper  time  can- 
not be  expected.  Observers  have  other  work  to  do  besides  at- 
tending to  their  gages.  Although  the  importance  of  making  the 
reports  should  be  emphasized'  to  the  observers,  and  although  the 
members  of  the  observers'  families  should  be  trained  to  take 
readings  and  send  reports,  it  frequently  happens  that  for  some 
legitimate  reason  the  report  is  not  made.  Such  occurrences  must 
be  expected  in  a  flood  forecasting  system  and  must  be  allowed 
for  by  arranging  for  more  reports  than  are  absolutely  neces- 
sary. Too  many  reports  do  no  harm  while  too  few  result  in  poor 
predictions. 

Although  the  observers  are  permitted  to  send  these  reports 
by  either  telegraph  or  telephone,  they  are  instructed  to  send 
them  by  telephone  whenever  it  is  feasible  to  do  so.  The  advan- 
tages of  receiving  the  messages  by  telephone  are,  first,  that  the 
forecaster  can  question  the  observers  regarding  existing  rain- 
fall, river,  or  weather  conditions,  thus  obtaining  desired  infor- 
mation which  they  might  otherwise  neglect  to  furnish  even 
though  instructed  previously  to  do  so;  and,  second,  that  the 
observers,  in  reporting  by  telephone,  are  necessarily  kept  on  the 
job  until  the  message  is  delivered,  thus  insuring  more  prompt 
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delivery.  Quite  frequently  it  has  happened  that  reports  handed 
to  telegraph  operators  in  small  towns  have  been  delayed  so  long 
in  transmission  that  they  arrived  too  late  to  be  of  use. 

'  One  factor  which  has  been  of  great  assistance  in  the  fore- 
casting work  of  the  District  and  which  has  made  possible  the 
forecasting  of  small  rises  of  one  or  two  feet  in  the  principal 
streams,  is  the  direct  telephone  communication  maintained  be- 
tween the  headquarters  office  and  the  division  offices  at  the  five 
dams.  Private  wires  are  maintained  to  each  dam.  Consequently 
it  is  posible  to  obtain  accurate  information  from  trained  ob- 
servers, directly  interested  in  the  work,  at  any  time,  without 
the  trouble  involved  in  putting  through  long  distance  calls  by 
the  usual  methods. 

The  river  observers  are  instructed  to  report  the  latest  gage 
reading  and  time  of  observation;  the  time  the  rise  began  and 
the  stage  at  that  time;  whether  the  river  is  rising,  stationary, 
or  falling;  the  maximum  stage  and  time  of  occurrence,  if  the 
river  is  falling;  and  such  general  information  regarding  rain- 
fall, snowfall,  runoff,  and  weather  as  they  may  possess.  Rain- 
fall observers  are  instructed  to  report  the  time  of  beginning  of 
rain ;  the  time  of  reading  the  gage  and  the  amount  of  the  pre- 
cipitation up  to  that  time ;  whether  or  not  it  is  still  raining ;  the 
time  of  ending  of  the  rain,  if  it  has  ended;  the  amount  and 
character  of  the  precipitation  during  the  preceding  week;  and 
such  general  information  regarding  the  nature  of  the  rainfall, 
snowfall,  runoff,  and  weather,  as  they  may  have  observed. 

FORECASTING    METHODS 

Owing  to  the  comparatively  short  intervals  of  time  required 
for  the  flood  runoff  to  reach  the  main  streams,  flood  forecast- 
ing in  the  Miami  Valley  is  of  necessity  largely  based  on  the 
forecaster's  judgment  and  on  his  familiarity  with  previous 
floods.  With  reports  coming  in  from  all  j)arts  of  the  valley  and 
with  people  clamoring  for  information  simultaneously,  there  is 
no  opportunity  to  sit  down  and  quietly  analyze  the  problem  or 
to  ^pply  theoretical  formulas. 

The  forecaster  keeps  in  touch  with  the  weather  and  soil 
conditions  throughout  the  valley  at  all  times  so  that  when  the 
rain  begins  he  knows  approximately  how  much  precipitation  will 
be  required  to  fill  the  surface  storage  and  what  proportion  of  the 
remainder  may  be  expected  to  be  taken  up  by  the  soil.  This  in- 
formation in  conjuction  with  the  rainfall  reports  and  his  knowl- 
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edge  of  similar  previous  floods  enables  him  to  forecast  the  maxi- 
mum stages  and  the  times  at  which  they  will  be  reached  at  the 
principal  stations  in  the  upper  portions  of  the  valley  as  soon  as 
the  most  intense  precipitation  has  ceased.  Preliminary  fore- 
casts are»  of  course^  made  as  the  reports  arrive,  as  previously 
noted,  but  maximum  stages  can  not  be  forecasted  until  the  most 
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FIG.   47.— RELATION  BETWEEN  CREST  STAGES   ON  THE  STILL- 
WATER  RIVER  AT  PLEASANT  mLL  AND  WEST  MILTON. 

intense  precipitation  has  occurred.  Having  estimated  the  max- 
imum stages  to  be  attained  in  the  upper  portions  of  the  valley, 
crest  stages  at  the  lower  stations  on  the  main  streams  above 
Dayton  are  forecasted  by  the  aid  of  crest  relation  diagrams, 
proper  consideration  being  given  to  channel  storage  and  rain- 
fall intensities  below  the  upper  stations. 

Figure  47  shows  the  relation  between  crest  stages  at  the 
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Pleasant  Hill  and  West  Milton  stations  on  the  Stillwater  River ; 
figure  48  shows  a  similar  relation  for  the  Springfield  and 
Wright  stations  on  Mad  River;  and  figure  49  shows  similar  re- 
lations for  the  Sidney,  Piqua,  and  Tadmor  stations,  on  the  upper 
Miami  River.  Points  vary  from  the  curves  somewhat  in  all 
instances,  due  to  local  variations  in  rainfall  intensity.  This  is 
especially  noticeable  in  the  case  of  the  Piqua-Tadmor  curve, 
given  in  figure  49.  Points  falling  to  the  left  of  the  curve  repre- 
sent storms  in  which  the  most  intense  precipitation  occurred 
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FIG.  48.— RELATION    BETWEEN    CREST    STAGES    ON    THE    MAD 

RIVER  AT  SPRINGFIELD  AND  WRIGHT. 


over  the  northwestern  portion  of  the  drainage  area ;  while  points 
falling  to  the  right  represent  storms  where  the  heavy  rain  fell 
mostly  on  the  eastern  portions  of  the  valley.  Discrepancies  due 
to  this  cause  are  less  noticeable  on  the  Sidney-Tadmor  curve  be- 
cause heavy  rainfall  falling  east  of  Piqua  drains  northward  to- 
ward Sidney  as  well  as  southward  toward  Tadmor,  thus  pro- 
ducing similar  conditions  at  both  places.    It  is  for  this  reason 
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that  the  crest  stage  frequently  occurs  at  Tadmor  at  the  same 
time  as  at  Sidney. 

Forecasts  of  stages  at  Dayton  are  based  on  the  estimated 
crests  at  the  upper  stations,  proper  allowance  being  made  for 
lack  of  coordination  of  crests  from  the  three  streams.  Wolf 
Creek  is  so  steep,  so  short,  and  its  drainage  area  so  small,  in 
comparison  with  the  Stillwater,  Mad,  and  Miami  Rivers,  that 
its  flood  runoff  always  passes  Dayton  several  hours  before  the 
crests  from  the  other  three  streams  arrive.  Only  in  very  ex- 
ceptional cases  does  any  appreciable  amount  of  flood  runoff 
from  the  Wolf  Creek  valley  reach  Dayton  at  the  time  the  Dayton 
crest  is  attained. 

The  maximum  discharges  from  the  Stillwater,  Miami,  and 
Mad  Rivers  do  not  reach  Dayton  in  any  definite  order,  although 
the  crest  discharge  from  the  upper  Miami  practically  always 
arrives  later  than  that  from  one  of  the  other  two  streams.  The 
exact  order  of  arrival  varies  with  the  rainfall  intensity,  location 
of  most  intense  precipitation,  and  time  of  occurrence  or.  the 
different  areas.  During  the  storm  of  July  7  to  8,  1915,  in  which 
practically  all  of  the  rain  fell  between  the  hours  of  9  and  10  p.m. 
of  the  7th,  at  all  stations  in  the  valley,  the  crest  discharge  from 
the  Stillwater  River  reached  Dayton  about  24  hours  after  the 
rain  had  ceased,  that  from  the  Mad  River  arrived  in  about  16 
hours,  and  that  from  the  upper  Miami,  in  about  29  hours.  Dur- 
ing the  storm  of  May  6  to  7,  1916,  in  which  practically  all  of  the 
precipitation  occurred  in  the  night  of  the  6th  and  7th,  the  crest 
discharge  from  the  Stillwater  River  arrived  at  Dayton  about  23 
hours  after  the  rain  ceased,  that  from  the  Mad  River  arrived  in 
about  25  hours,  and  that  from  the  Miami,  in  about  29  hours.  The 
difference  in  the  time  of  arrival  at  Dayton  of  the  crest  discharge 
from  Mad  River  during  these  two  floods  is  found  in  the  location 
of  the  most  intense  precipitation.  During  the  May  storm  the 
heaviest  rainfall  in  the  Mad  River  Valley  occurred  near  Urbana, 
about  40  miles  by  river  from  Dayton,  while  during  the  July 
storm  it  fell  near  Springfield,  only  about  25  miles  from  Dayton. 

Having  estimated  the  maximum  stage  to  be  reached  at  Day- 
ton, forecasts  for  Miamisburg  and  Franklin  may  be  made  by  ^he 
aid  of  the  crest  relation  diagrams  shown  in  figure  50.  Similar 
methods  may  be  used  for  Middletown  and  Hamilton  whenever 
the  rainfall  distribution  is  such  that  the  crest  stages  at  these 
places  are  caused  by  the  flood  runoff  from  the  drainage  areas 
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above  Dayton.  Diagrams  for  use  in  such  instances  are  shown  in 
figure  51.  It  frequently  happens,  however,  that  the  crest  stages 
at  points  below  the  mouth  of  Twin  Creek  are  caused  by  the  flood 
runoff  from  areas  below  Dayton  rather  than  from  those  above. 
Of  course,  this  happens  more  frequently  as  the  distances  below^ 
Dayton  increase.  During  the  storm  of  July,  1915,  the  crest  at 
Hamilton  was  caused  primarily  by  the  flood  runoff  from  the 
Seven  Mile  and  Four  Mile  Creek  valleys.  In  this  instance  the 
Hamilton  crest  occurred  about  10  hours  before  the  maximum 
stage  was  reached  at  Dayton. 

The  forecasting  methods  can  probably  be  made  plainer  by  de- 
scribing a  typical  case.  The  flood  of  January  5,  1917,  will  be 
taken  for  this  purpose.  On  the  morning  of  January  5  the  reports 
showed  that  the  rainfall  had  averaged  about  1.7  inches  over  the 
drainage  area  of  the  Stillwater  River  above  West  Milton,  about 
1.6  inches  over  the  drainage  area  of  the  Miami  River  above 
Piqua,  and  about  1.4  inches  over  the  drainage  area  of  the  Mad 
River  above  Springfield.  For  the  Stillwater  Valley  it  was  esti- 
mated that  0.7  of  an  inch  would  be  required  to  fill  the  soil  and 
surface  storage;  and  that  the  remaining  inch,  which  would  run 
off,  would  reach  West  Milton  at  a  maximum  rate  of  about  a  half 
an  inch  in  24  hours,  or  7800  second  feet.  The  rating  table  for 
the  channel  at  West  Milton  showed  that  this  would  correspond 
to  a  stage  of  8.0  feet.  From  the  available  records  of  previous 
floods  it  was  estimated  that  this  stage  would  be  reached  at  about 
3  p.m.  By  similar  methods,  making  proper  allowances  for  dif- 
ferences in  topographical  and  geological  conditions,  it  was  es- 
timated that  a  maximum  rate  of  runoff  of  about  10,400  second 
feet,  corresponding  to  a  stage  of  about  7.0,  would  occur  at  Piqua 
at  about  3  p.m.;  and  that  a  maximum  rate  of  runoff  of  about 
4,600  second  feet,  corresponding  to  a  stage  of  about  7.5,  wouM 
occur  at  Springfield  at  about  2  p.m. 

From  the  known  distances  of  these  stations  above  Dayton 
and  from  the  known  slopes  and  velocities  of  the  streams  it  was 
next  estimated  that  the  crest  from  the  Stillwater  River  would 
reach  Dayton  first,  that  the  crest  from  the  Mad  River  would  ar- 
rive next,  and  that  the  crest  from  the  Miami  River  would  arrive 
last.  Since  the  quantity  of  water  flowing  in  the  Miami  River 
was  about  a  third  greater  than  that  in  the  Stillwater  River  and 
more  than  twice  as  great  as  that  in  the  Mad  River  it  was  esti- 
mated that  the  maximum  stage  at  Dayton  would  be  reached  when 
the  crest  flow  from  the  Miami  arrived,  and  that  this  would  occur 
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at  about  5  a.m.  on  the  following  morning.  As  the  rainfall  had 
been  comparatively  general  over  the  entire  valley  it  was  esti- 
mated that  the  runoff  from  the  drainage  area  below  West  Mil- 
ton, Piqua,  and  Springfield  would  be  more  than  sufficient  to  fill 
the  storage  space  in  the  channels  below  the  stages  corresponding 
to  the  expected  discharges.  However,  since  the  Stillwater  and 
Mad  Rivers  would  both  be  falling  when  the  crest  from  the  Mi- 
ami arrived,  it  was  estimated  that  the  maximum  discharge  at 
Dayton  would  be  about  21,000  second  feet,  or  slightly  less  than 
the  combined  maximum  discharges  at  West  Milton,  Piqua,  and 
Springfield.  This  quantity  corresponded  to  a  stage  of  8.9  feet 
and  therefore  a  stage  of  9.0  feet  was  predicted. 

From  crest  relations  during  previous  floods,  it  was  then  es- 
timated that  a  stage  of  10.0  feet  would  be  reached  at  Miamis- 
burg  at  6  a.m.,  January  6 ;  and  that  a  stage  of  9.0  feet  would  be 
reached  at  Franklin  at  7  a.m.  of  the  same  day. 

Forecasts  were  not  being  made  for  the  dams  at  that  time 
as  construction  work  had  not  been  started.  At  Hamilton  the 
crest  was  caused  by  Seven  Mile  and  Four  Mile  Creeks  and  was 
nearly  reached  at  the  time  the  forecasts  were  being  made. 

The  following  table  compares  the  forecasted  and  actual  con- 
ditions and  also  shows  the  time  interval  in  hours  between  the 
time  the  forecasts  were  made  and  the  time  the  crests  were 
reached. 

Table  41. — Forecasted  and  Actual  Conditions  Durini^  the  Flood  of  January  5,  1917 


SUtion 

Forecaat  at  10  a.  m. 
January  6 

Actual 

Advanee 

WarninK 

in 

Hours 

SUge 

Time 

Date 

SUKe 

Time 

Date 

West  Milton 

Piqua 

8.0 
7.0 

7.5 

9.0 

10.0 

9.0 

3  p.m. 
3  p.m. 
2  p.m. 
6  a.m. 

6  a.m. 

7  a.m. 

Jan.  5 
Jan.  5 
Jan.  5 
Jan.  6 
Jan.  6 
Jan.  6 

6.5 
5.9 
7.3 
9.1 
9.5 
9.2 

5  p.m. 
5  p.m. 
1  p.m. 
1  a.m. 
7  a.m. 
9  a.m. 

Jan.  5 
Jan.  5 
Jan.  5 
Jan.  6 
Jan.  6 
Jan.  6 

7 

7 

3 

15 

21 

23 

Springfield 

Dayton 

Miamisburg 

Franklin 

The  above  described  example  is  probably  typical  of  the  fore- 
casting  work  in  this  valley.  The  predictions  are  not  always  so 
accurate  for  Dayton  and  Franklin;  neither  are  they  always  so 
inaccurate  for  West  Milton  and  Piqua.  As  a  general  rule,  how- 
ever, the  forecasts  for  the  locations  on  the  Miami  below  the 
Stillwater  and  Mad  Rivers  are  more  certain  than  those  for  the 
upper  stations. 
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culture,  Washington,  D.  C,  March,  1916,  page  150. 

Soil  Evaporation  and  Transpiration 

Factors  influencing  Evaporation  and  Transpiration,  by  John  A.  Wid- 
stoe.  Utah  Agricultural  College  Experiment  Station,  Logan,  Utah,  Bull. 
105,  1909.    Describes  extensive  experiments  on  four  different  soils. 

Factors  affecting  the  Evaporation  of  Moisture  from  the  Soil,  by  F.  S. 
Harris  and  J.  S.  Robinson.  Journal  of  Agnricultural  Research,  U.  S. 
Department  of  Agriculture,  Washington,  D.  C,  December  4,  1916.  De- 
scribes experiments  made  at  the  Utah  Agricultural  Experiment  Station 
and  gives  an  interesting  curve,  determined  experimentally,  showing  the 
effect  of  wind  velocity  on  the  rate  of  soil  evaporation.  The  curve  agrees 
substantially  with  the  one  used  by  Horton  in  developing  his  evaporation 
formula. 

Evaporation  from  Irrigated  Soils,  by  Samuel  Fortier  and  S.  H.  Beckett. 
Office  of  Experiment  Stations,  U.  S.  Department  of  Agnriculture,  Wash- 
ington, D.  C,  Bull.  248,  1912.  Gives  detailed  descriptions  and  results  of 
experiments  carried  on  in  several  western  states  during  the  years  1908 
to  1910,  inclusive. 

Evaporation  from  Irrigated  Soils,  by  Samuel  Fortier.  Engineering 
News,  Sept.  5,  1912,  page  432.  Describes  experiments  mentioned  in  above 
reference. 

Evaporation  Losses  in  Irrigation  and  Water  Requirements  of  Crops,  by 
Samuel  Fortier,  Office  of  Experiment  Stations,  U.  S.  Department  of  Agn- 
culture,  Washington,  D.  C,  Bull.  177,  1907.  Describes  experiments  on 
evaporation  from  soil  and  water  surfaces  in  California.  See  also  Engi- 
neering News,  Sept.  19,  1907,  page  304. 

Experiments  in  Evaporation,  by  C.  B.  Ridgeway.  Wyoming  Agricul- 
tural Experiment  Station,  Laramie,  Wyoming,  Bull.  52,  1902.  Describes 
experiments  on  soil  evaporation  made  at  Laramie.  Brief  abstract  in 
Engineering  News,  Sept.  11,  1902,  page  187. 

Daily  Transpiration  during  the  Normal  Growth  Period  and  its  Cor- 
relation with  the  Weather,  by  Lyman  J.  Briggs  and  H.  L.  Shantz.  Journal 
of  Agricultural  Research,  U.  S.  Department  of  Agriculture,  Washington, 
D.  C,  October  23,  1916.  Gives  results  of  extensive  experiments  carried 
on  with  different  crops  at  Akron,  Colorado. 
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The  Water  Requirements  of  Plants,  by  Lyman  J.  Briggs  and  H.  L. 
Shantz.  Bureau  of  Plant  Industry,  U.  S.  Department  of  Agriculture, 
Washington,  D.  C,  Bull.  284,  1913.  Gives  results  of  numerous  determina- 
tions of  water  requirements  of  plants  in  pot  culture  at  Akron,  Colorado, 
and  Amarillo  and  Dalhart,  Texas. 

The  Water  Requirements  of  Plants,  by  Lyman  J.  Briggs  and  H.  L. 
Shantz.  Bureau  of  Plant  Industry,  U.  S.  Department  of  Agriculture, 
Washington,  D.  C,  Bull.  285,  1913.  An  interesting  review  of  the  liter- 
ature on  the  above  subject. 

The  Measurement  of  Soil  Evaporation  under  Arid  Conditions,  by 
Charles  H.  Lee.  Engineering  News,  October  12,  1911,  page  428.  t)e- 
scribes  experiments  on  evaporation  from  soil  and  water  surfaces  in  Owens 
Valley,  California. 

The  Determination  of  Safe  Yield  of  Underground  Reservoirs  of  the 
Closed  Basin  Type,  by  Charles  H.  Lee.  Trans.  Am.  Soc.  C.  E.,  Vol.  78, 
page  148,  1915.  Discusses  evaporation;  transpiration,  percolation,  and 
related  subjects,  and  describes  experiments  treated  in  preceding  reference. 

The  Determination  of  the  Duty  of  Water  by  Analytical  Experiment, 
by  W.  C.  Hammatt.  Proc.  Am.  Soc.  C.  E.,  Feb.,  1918,  page  307.  Dis- 
cusses evaporation,  transpiration,  soil  moisture,  percolation,  and  so  forth, 
and  describes  experimental  work. 

The  Duty  of  Water  in  the  Pacific  Northwest,  by  J.  C.  Stevens.  Proc. 
Am.  Soc.  C.  E.,  March,  1920,  page  461.  Discusses  evaporation,  percolation, 
and  surface  waste. 

Method  of  Estimating  the  Amount  of  Evaporation  from  Water  and 
Soil  Surfaces  in  the  Livermore  Valley  of  California.  Engineering  and  Con- 
tracting, April  30  and  May  7,  1913,  pages  506  and  523. 

Soil    Moisture 

Movement  and  Distribution  of  Moisture  in  the  Soil,  by  F.  S.  Harris 
and  H.  W.  Turpin.  Journal  of  Agricultural  Research,  U.  S.  Department  of 
Agriculture,  Washington,  D.  C,  July  16,  1917.  Describes  field  and  labora- 
tory studies  made  at  Logan,  Utah. 

Effect  of  Temperature  on  Movement  of  Water  Vapor  and  Capillary 
Moisture  in  Soils,  by  G.  J.  Bouyoucos.  Journal  of  Ag^ricultural  Research, 
U.  S.  Department  of  Agriculture,  Washington,  D.  C,  Oct.  25,  1915. 
Describes  laboratory  experiments  carried  on  at  Michigan  Agricultural 
Experiment  Station. 

Water  Penetration  in  the  Gumbo  Soils  of  the  Belle  Fourche  Reclama- 
tion Project,  by  O.  R.  Matthews.  U.  S.  Department  of  Agriculture,  Wash- 
ington, D.  C,  Bull.  447,  1916.  Describes  experiments  on  the  rate  and 
depth  of  penetration. 

The  Movement  of  Water  in  Irrigated  Soils,  by  H.  A.  Widstoe  and 
W.  W.  McLaughlin.  Utah  Agricultural  College  Experiment  Station,  Logan, 
Utah,  Bull.  115,  1912.  Describes  extensive  experiments  made  on  the 
Greenville  farm  near  Logan. 

Soil  Moisture  Studies  under  Dry  Farming,  by  F.  S.  Harris  and  J.  W. 
Jones.  Utah  Agricultural  College  Experiment  Station,  Logan,  Utah,  Bull. 
158,  1917.  Gives  data  on  depth  of  penetration,  amount  of  water  stored 
in  surface  soil,  and  reduction  of  soil  moisture  by  plant  growth. 
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Soil  Moisture  Studies  under  Irrigation,  by  F.  S.  Harris  and  A.  F. 
Bracken.  Utah  Agricultural  College  Experiment  Station,  Logan,  Utah, 
Bull.  159,  1917.    Scope  similar  to  that  of  Bull.  158,  see  preceding  reference. 

Studies  on  the  Movement  of  Soil  Moisture,  by  Edgar  Buckingham. 
Bureau  of  Soils,  U.  S.  Department  of  Agriculture,  Washington,  D.  C, 
Bull.  38,  1907.  Gives  experimental  data  showing  differences  in  soil 
evaporation  under  arid  and  humid  conditions,  also  a  theoretical  discussion 
of  soil  moisture  movements. 

Investigations  of  Soil  Management,  by  F.  H.  King.  Bureau  of  Soils, 
U.  S.  Department  of  Agriculture,  Washington,  D.  C,  Bull.  26,  1905. 
Gives  detailed  data  on  soil  moisture  variations  under  eight  soils  located 
at  Goldsboro,  North  Carolina,  Upper  Marlboro,  Maryland,  Lancaster, 
Pennsylvania,  and  Janesville,  Wisconsin. 

Distribution  of  Water  in  the  Soil  in  Furrow  Irrigation,  by  R.  H. 
Loughridge  and  Samuel  Fortier.  Office  of  Experiment  Stations,  U.  S. 
Department  of  Agriculture,  Washington,  D.  C,  Bull.  203,  1908.  Describes 
experiments  made  in  citrus  orchards  in  southern  California. 

Natural  Vegetation  as  an  Indicator  of  the  Capabilities  of  Land  for 
Crop  Production  in  the  Great  Plains  Area,  by  H.  L.  Shantz.  Bureau  of 
Plant  Industry,  U.  S.  Department  of  Agriculture,  Washington,  D.  C,  Bull. 
201,  1911.  Gives  experimental  data  on  soil  moisture  variations  at  Akron, 
Colorado. 

Moisture  Content  and  Physical  Condition  of  Soils,  by  Frank  K. 
Cameron  and  Francis  E.  Gallagher.  Bureau  of  Soils,  U.  S.  Department 
of  Agriculture,  Washington,  D.  C,  Bull.  50,  1908.  Gives  experimental 
data. 

The  Wilting  Coefficient  for  Different  Plants  and  its  Indirect  Determ- 
ination, by  Lyman  J.  Briggs  and  H.  L.  Shantz.  Bureau  of  Plant  Industry, 
U.  S.  Department  of  Agriculture,  Washington,  D.  C,  Bull.  230,  1912. 
Gives  experimental  data. 

Relation  of  Movement  of  Water  in  a  Soil  to  its  Hygroscopicity  and 
Initial  Moistness,  by  Frederick  J.  Alway  and  Guy  R.  McDole.  Journal  of 
Agricultural  Research,  U.  S.  Department  of  Agriculture,  Washington, 
D.  C,  August  20,  1917.  Gives  experimental  data  taken  at  the  Nebraska 
Agricultural  Experiment  Station. 

Relation  of  the  Water  Retaining  Capacity  of  a  Soil  to  its  Hygroscopic 
Coefficient,  by  Frederick  J.  Alway  and  Guy  R.  McDole.  Journal  of 
Agricultural  Research,  U.  S.  Department  of  Agriculture,  Washington, 
D.  C,  April  9,  1917.  Describes  experiments  carried  on  at  the  Nebraska 
Agricultural  Experiment  Station. 

Percolation 

Stream  Flow  and  Percolation  Water,  by  Samuel  Hall.  Journal  of 
the  Institution  of  Water  Engineers  of  Great  Britain,  abstracted  in  Engi- 
neering  and  Contracting,  Oct.  29,  1919,  page  499. 

On  Evaporation  and  Percolation,  by  Charles  Greaves.  Proc.  Inst. 
C.  E.  1875-76,  Vol.  45,  page  19.  Gives  results  of  experiments  on  percola- 
tion and  evaporation  from  soil  and  water  surfaces. 

Percolation  and  Evaporation,  by  J.  H.  Gilbert.  Proc.  Inst.  C.  E., 
Vol.  45,  page  56;  Vol.  105,  page  36. 
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Some  Physical  Properties  of  Sands  and  Gravels,  by  Allen  Hazen. 
Mass.  State  Board  of  Health,  Boston,  Mass.,  Twenty-fourth  Annual  Report, 
page  553,  1892.  Gives  data  on  variation  in  percolation  rates  caused  by 
temperature  changes. 

Floods 

Floods  of  1913  in  the  Ohio  and  Lower  Mississippi  Valleys,  by  A.  J. 
Henry,  U.  S.  Weather  Bureau,  Washington,  D.  C,  Bull.  Z,  1913. 

The  Ohio  Valley  Flood  of  March-April,  1913,  by  A.  H.  Horton  and 
H.  J.  Jackson.  U.  S.  Geological  Survey,  Washington,  D.  C,  W.  S. 
Paper  334. 

The  Miami  Valley  and  the  1913  Flood,  by  A.  E.  Morgan.  The  Miami 
Conservancy  District,  Dayton,  Ohio,  Technical  Report,  Part  I,  1917. 

Floods  in  the  East  Gulf  and  South  Atlantic  States,  July,  1916,  by 
A.  J.  Henry.  Monthly  Weather  Review,  U.  S.  Department  of  Agriculture, 
Washington,  D.  C,  August,  1916,  page  466. 

Destructive  Floods  in  the  United  States  in  1903,  by  E.  C.  Murphy, 
U.  S.  Geological  Survey,  Washington,  D.  C,  W.  S.  Paper  No.  96,  1904. 

Destructive  Floods  in  the  United  States  in  1904,  by  E.  C.  Murphy, 
U.  S.  Geological  Survey,  Washington,  D.  C.,  W.  S.  Paper  No.  147,  1905. 

Destructive  Floods  in  the  United  States  in  1905,  with  a  discussion  of 
flood  discharge  and  frequency  and  an  index  to  flood  literature,  by  E.  C. 
Murphy.  U.  S.  Geological  Survey,  Washington,  D.  C.,  W.  S.  Paper  No. 
162,  1906. 

The  Rivers  and  Floods  of  the  Sacramento  and  San  Joaquin  Watersheds, 
by  N.  R.  Taylor.    U.  S.  Weather  Bureau,  Washington,  D.  C,  Bull.  43,  1913. 

Southern  California  Floods  of  January,  1916,  by  H.  D.  McGlashan 
and  F.  C.  Ebert.  U.  S.  Geological  Survey,  Washington,  D.  C,  W.  S. 
Paper  No.  426,  1917. 

Floods  and  Flood  Protection.  Carnegie  Library  of  Pittsburgh,  Month- 
ly Bulletin,  July,  1908.     A  detailed  bibliography. 

Flood  Flows,  by  W.  E.  Fuller.  Trans.  Am.  Soc.  C.  E.,  Vol.  77,  page 
564,  1914. 

The  Flood  of  March,  1907,  in  the  Sacramento  and  San  Joaquin  River 
Basins,  California,  by  W.  B.  Clapp,  E.  C.  Murphy,  and  W.  F.  Martin. 
Trans.  Am.  Soc.  C.  E.,  Vol.  61,  page  281,  1908. 

A  Study  of  the  Southern  River  Floods  of  May  and  June,  1901.  Engi- 
neering News,  Aug.  7,  1902,  page  102. 

The  Floods  of  the  Mississippi  River,  by  Wm.  Starling.  Engineering 
News,  April  22,  1897,  page  242. 

The  Mississippi  Flood  of  1897,  by  Wm.  Starling.  Engineering  News, 
July  1,  1897,  page  2. 

The  Floods  in  the  Spring  of  1903  in  the  Mississippi  Watershed,  by 
H.  C.  Frankenfield.  U.  S.  Weather  Bureau,  Washington,  D.  C,  Bull. 
M.  1903. 

Flood    Forecasting 

River  Stage  Forecasts  for  the  Arkansas  River,  Dardanelle  to  Pine 
Bluff,  Ark.,  by  Herman  W.  Smith.  Monthly  Weather  Review,  U.  S. 
Department  of  Agriculture,  Washington,  D.  C,  March,  1916,  page  143. 
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Freshets  in  the  Savannah  River  and  the  Forecasting  of  High  Water  at 
Augusta,  Ga.,  by  Eugene  D.  Emigh.  Monthly  Weather  Review,  U.  S. 
Department  of  Agriculture,  Washington,  D.  C,  January,  1914,  page  46. 

Precepts  for  Forecasting  River  Stages  on  the  Chattahoochee  and  Flint 
Rivers  of  Georgia,  by  C.  F.  Von  Herrmann.  Monthly  Weather  Review, 
U.  S.  Department  of  Agriculture,  Washington,  D.  C,  July,  1919,  page  475. 

Flood  Crests  on  the  Ohio  and  Mississippi  and  their  movement,  by  A.  J. 
Henry.  Monthly  Weather  Review,  U.  S.  Department  of  Agriculture, 
Washington,  D.  C,  November,  1920,  page  651. 

Treatise  on  Flood  Prediction,  and  on  the  Hydrology  of  the  Seine,  De 
Prandeau,  1884.    Reviewed  in  Annales  des  Ponts  et  Chaussees,  1884,  II. 

Prediction  of  Floods  in  the  Central  Loire.  Annales  des  Ponts  et 
Chaussees,  Oct.,  1890. 

Prediction  of  High  Water  on  the  Elbe  in  Bohemia,  Holtz.  Annales 
des  Ponts  et  Chaussees,  April,  1891. 

Predicting  Floods  in  Rivers.  A  review  of  the  method  employed  by 
the  government  hydraulic  engineer  of  Queensland  in  foretelling  floods  on 
the  Brisbane  River.     Engineering  Record,  Sept.  16,  1899. 

Flood  Forcasts.    Rev.  Tech.,  Feb.  10,  1899. 

The  Flood  Warning  Service  on  the  Danube  and  its  Tributaries  in 
Upper  Austria.     Oest.  Wochenschrift,  des  Offent  Baudienst,  Jan.  3,  1903. 

The  Prediction  of  the  Height  of  Water  in  the  Elbe  and  Moldau  Rivers 
in  Bohemia.     Oest.  Wochenschrift,  des  Offent  Baudienst,  Dec.  7,  1901. 

The  Forecasting  of  Floods  in  the  Yonne  at  Auxerre  after  Rains  in 
the  Morvan  Mountains,  P.  Breuille,  Annales  des  Ponts  et  Chaussees,  I, 
1911. 


